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SUMW.RY 
The effects of certain alterations in cellular metabolism on 
the potency and specificity with which mutations were induced were 
measured. Two systems were chosen for this study, namely the trP 
operon of E.coli and the .0 system of bacteriophage 14. 
1. An attempt was made to determine whether the induced mutability 
of a locus was affected by its .state of activity. A number of tm 
auxotropha of E.coli were tested for their reversion response to a 
number of different mutagens. Two mutants were found to respond 
strongly to EMS and these alleles were chosen to measure the fre-
quency of reversion induced by EMS when the operon was in a state of 
derepression and when it was repressed. It was found that for both 
alleles the induced reversion frequency was greater when the operon 
was derepressed during EMS treatment but that the state of the 
operon's activity immediately after the mutagenic treatment had no 
effect on induced reversion frequency. 
2 • The effects of various ancillary treatments on the specificity 
of 5-ta) and ra nutagonesis in the T4z system were examined. 
a). A preliminary study to determine whether the fli at which NA 
mutagenesis was carried out affected the spectrum of induced HI's 
and specifically whether pH influenced the frequency with which NA 
induced deletion mutants. Although the lethal action of NA was 
found to be strongly fl-dependent, there being much more rapid 
killing at lower fl's, it was found that NA induced rAt deletions 
at equal frequencies when the treatment was performed at fI 3.7 and 
at fI 4.0 and that the intragenic vIA spectra induced by NA at the 
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two 11'a were essentially the same, 
b). The effects of the antibiotic amino acid analogue, PPM, on 
5-Ui and M mutagenesie in 14 were measured. Under standard con-
ditions for 5-03 mutagenesis, in the presence of PPM In the pre-
treatment growth medium of the host and to a lesser extent in the 
mutagenic treatment medium, T4 burst size was doubled and S-Ui 
wutagenesis of both forward and reverse mutations was depressed 
compared to when PPM was absent or when 1% was substituted for 
PF'R%. A constituent of standard S-BU treatment medium is the 
folate antagonist, 613. If another foI.ate antagonist, TM was used 
in the treatment sodium or if no antagonist was used at all, it was 
found that PPM resulted in a decreased burst size but it had no 
effect on 5-BU-induced mutation frequencies. Various models to 
account for this apparent PPM-mediated relief of the inhibition of 
811 were put forward and discussed. 
Using NA as a riutagen, it was found that when extracellularly 
mutagenivad T4L phage were used to infect E.coli grown in the 
presence of PFM, the induced t frequency was approximately double 
that found when PPM was absent. This increased frequency was not 
accompanied by a change in specificity as measured by the classes of 
mutations induced and the rII spectra of both point and deletion mutants. 
3. Another antibiotic, SM, was used in conjunction with the 
mutagens 5-BU and M. In preliminary experiments it was found that 
when N infected E.coli grown in the presence of law concentrations 
of the drug, adsorbtion was impaired and many infective centres 
failed to develop. If however, Th was added at the same time as 
SM to E.coli, adeorbtion and phage viability were not affected but 
the burst size was seduced. 
when t4r were treated with S-RU in the presence of SM or 
when NA-treated T4—r+  were used to infect E.coli in the presence of 
SM no effect in potency or specifi*ity of either sutagen could be 
demonstrated. 
4. A preliminary investigation of * mutant strain of P4, desig-
nated j, which had been shown to have effects on mutation rates 
was carried out. 
Compared to the wild type strain (T4jat ) the Tdhm strain was 
more resistant to the lethal action of NA and RA, but displayed 
normal sensitivities to LW, EMS, bisulphite and high temperature. 
!version analyses on various i'll mutants in the hm and 
genetic backgrounds demonstrated that NA, -DU and 2-AP were all 
more potent in reverting ru I 'a in the &m strain but that EMS, HA 
and bisuiphite reversion frequencies were unaffected by the allele 
at the Tim locus. It was found that the DNA repair capabilities of 
the host bacteria affected neither the survival nor the reversion 
frequencies of the rut's in both T4hm and 	strains after the 
Wage bad been treated with any of the agents used in this study. 
NA-induced forward mutation frequency was found to be about 
twice as high in T4huu and as in DVjj, but the spectra of induced 
z mutants were the same in both strains. 
The spontaneous z frequency of Jim was also higher than in + 
and there were also some differences in the rut spectra of sponta-
neous mutants in the two strains. 
It was shown that all the alterations in phenotype in the 
strain compared to the hm strain were probably due to S single 
mutation, 
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1. 
I NTWX)UCTI ON 
General Introduction 
The science of Genetics say be defined as the study of mutant 
organisms. It I. not surprising therefore to find that attempts 
to unravel the mechanisms whereby these tools of the trade are 
generated have been, and continue to be, a major aspect of research 
in genetics. 
Apart from the cases of mutation mediated by cortical inheri-
tance reported for some Protozoa (see for example Sonneborn 1984), 
the origin of a mutant form demands a heritable attention of the 
genetic material, which on this earth means a change in the 
structure, or more specifically the sequence of nucleic acid. 
Since the time of the first reports of physical (X-rays: 
Muller 1927) and chemical (sulphur mustard; Auerbach and Robson 
1046) nutagenu, a whole galaxy of such agents is now available 
exerting their sautagenic powers by a variety of diverse mechanisms. 
It might well have been thought that by the early sixties the 
study of mutagenesie was over her the shouting for, by this time, 
thanks mainly to the work of Senzer, Freese, Crick and Brenner, 
there existed an elegant classification of inicrolesion mutations 
viZ transitions, tranuversions and frameshiftu, The classification 
of macrolesions had of course already been made. 
Not only bad the analysis of the types of mutation been done, 
but also models which could explain why particular mutagene favoured 
the production of specific classes of mutations on the basis of the 
mutagens' chemical actions on the nucleic acid were being put forward. 
2. 
Although the correctness of the classifications and the 
essence of the mechanisms by which a substantial number of mutagens 
act are not now in doubt, there is a large body of evidence whibh 
Indicates that there is a great deal more to mutagenesis than can be 
elucidated by a study of the strictly chemical reactions between 
DP4% and .mutagens. 
To a large degree such evidence comes from studies of mutagen 
specificity. 'them are many examples of such specificity which 
simply cannot be attributed to the specificity of action of the 
mutagun at the level of the DNA, the implication being that cellular 
processes have a role in the generation of mutations. 
Freese's finding (1e59a&b) that classes of T4r11 mutations 
Induced to revert by base analogues and by proflavine were mutually 
exclusive is certainly due to the fact that the base analogues 
induce base pair substitutions, while proflavine promotes the 
generation of fraaeshifts. Thus generation of mutagen specificity 
is not the exclusive prerogative of mechanisms mediated by cellular 
processes. 
Particularly in the case of induced reverse mutation, where 
as a rule a specific mutational change is required, the most 
obvious interpretation of a finding of mutagen specificity, would 
be in terms of differential revartibility by the mutagens under study 
of the specific molecular classes of mutation at the different 
mutant alleles. Nevertheless several cases of mutagen specificity 
in reverse mutation studies show that explanations in terms of mole-
cular specificities are inadequate. 
Probably the most intensively studied reverse mutation system 
3. 
has been Icólmark 'a (1953) KS/lI disuxotrophic adoniS inasitoC 
strain of Neuroppora arena. A consideration of some of this work 
will indicate some of the ways in which cellular metabolism can be 
manipulated to produce changes in tautagen specificity. 
The ratio of adenine to inositol 
(t/j)  revertants has been 
measured after treatment with a wide variety of mutagens, both 
chemical and physical (Auerbach and Ramsay 1966). Not only do 
different mutagenic treatments result in different "/1 ratios, but 
modification of certain parameters concerning the nature of the 
mutagenic treatment can alter the specificity of a particular 
autagen. 
For example Kilbey (1963 & 1969) found that the UV-Induced 
ratio was depressed when the temperature of the mu*agenic treatment 
IL 
was increased and that a similar reduction was found when the dose 
of the treatment was increased. 
The two alleles also react differently to minute traces of 
chemical mutagens which remain after the mutagenic treatment proper. 
Traces of DEB, ethylene oxide and nitrosoethyl urethan all Oct spe-
cifically on the adenine locus (Zôlaark and Auerbach 1960; K4lmark 
and Kilbey 1982; KIlbey and KØInark 1968; Auerbach and Ramsay 
1973a&b). 
There have also been studies on this system which employed the 
joint treatment of more than one mutagen. Auerbach and Ramsay 
(1970 & 1972) have shown that for certain mutagon combinations the 
frequency of adenino t revertants is greater than the additive 
effects of the individual agents, while for inositol revertants the 
induced frequency may be less than additive. 
4 . 
Recently Kilbey (1973a&h) has shown that the kinetics of tED-
induced reversion at the adenine locus, and the loss of sensitization 
of adeninereversion to LW by prior low-level DEB treatment could 
be modified by the addition of the inhibitor of protein synthesis, 
actidlone. 
Although the extensive study of this system has shown unequi-
vocally that iautagen specificity can be generated independently of 
the molecular specificity of the mutagen, there has been no adequate 
explanation to account for the way in which the modulation of 
But agen specificity could occur. 
Other studies on reverse mutation systems have shown that the 
constitution of the post-mutagenic plating medium can affect 
mutagen specificity. For example, addition of naino acids, which 
at first eight would appear to be quite unrelated to the locus under 
scrutiny, has been shown to have marked effects on the frequency of 
recovery of mutants at specific loci (Clarke 1962; Queiroz 1973). 
Addition of inorganic tons to the plating medium has also been shown 
to affect mutagen specificity (Arditti and Sermonti 1902; Loppes 
1910). 
Chopra (1967) has found that the presence of an adenine 
allele in E.coli depressed the frequency with which LW induced 
reversion of a tryptophan awcotroph. In Itcillus subtilis, Conan 
(1963) found a complex interaction effect in which the spontaneous 
reversion of a histidine mutant required the joint presence of 
threonine in the plating medium and a threonine marker in the 
genetic background. 
Unlike all the examples cited above there Is at least one 
5.. 
system where the effect of genetic background and of the constitu-
tion of the plating medium on mutant induction has a cogent explan-
ation. Independently, Clarke (1973) and Skavronskaya et *1. (1973) 
found that the UV-induced recovery of ochre suppressors of a 
tryptojthan allele in E.coli was reduced in SS-resistant strains but 
that the depressive effect could be relieved by the addition of SM 
to the plating medium. As. will be discussed later, SM-resistant 
ribosomes restrict the efficiency of suppression but the efficiency 
can be enhanced by addition of SM. 
Mutagen specificity is not however restricted to reverse 
mutations. In forward aulation, the contribution of the specificity 
of the changes induced in the DNA by one given agent to the gener-
ation of intergenic specificities must, as a rule, be minimal, if 
for example mutations from prototrophy to auxotrophy are to be 
measured, under the conditions used for the initial isolation, the 
gene product should be entirely dispensable. Not only is there 
the opportunity for mutatinn at many different sites within a single 
locus, but the same initial phenotype may be obtained by mutations 
at quite separate loci. 
I know of only two examples where the generation of intergenic 
forward wutagen specificities can be interpreted on the basis of the 
specificity of action of at autagen at the level of DNA. 
The first as the finding that SM-resistant mutations in .coli, 
although readily obtained after mutagenesis by alkylating agents, 
could not be induced by the frameshift-inducing mutagen, ICR-191 
(Silengo et at • 1967). The explanation for this is that if the 
ribosomal protein which is the target of SM is completely inactivated 
IM 
(as would be the case for the great majority of franeshift mutations) 
the cell is inviable. Only those agents which induce base pair 
substitutions and cause specific changes in the amino acid sequence 
of the protein which render it resistant to SM but do not completely 
destroy its activity will therefore be effective in inducing such 
mutants. 
In a way akin to this is the fact that in bdcteriophage 'N, 
when a autagen which induces base pair substitutions is used to 
generate £ mutants the majority of such mutants are ri's. 
Mutagens which induce franeehifts, such as prof]avine, and spon- 
taneously-arising £ mutants (the majority of which are frameshifts) 
show a preponderance of r1 l's. This fact to interpreted, though 
there is no direct evidence for the hypothesis, as being due to the 
fact that more amino acid substitutions can occur in the Hi gene 
product without causing a detectable change in phenotype than in the 
H protein. The great majority of frameuhift mutations will 
completely inactivate the protein and hence the tolerance of the 
proteins to amino acid substitution is no longer a factor (Drake 
1910). 
Other cases of forward mutation specificities cannot be accom-
mated into a rational framework as readily as these two examples. 
Zetterberg (1961 & 1982) found that UV failed to induce any 
histidine auxotropha of Oi*ziostoea when the fungus was Plated on 
complete medium after irradiation, Nitrosoaethylureth.n on the 
other hand induced histidine-requirers quite readily. On closer 
examination it was found that if, after (N treatment, plating was 
done on minimal medium supplemented with bistidine, (IV could induce 
7. 
histidine-requirers quite efficiently. This was a case of a 
plating medium effect for forward mutations. 
Recently it has been found that in the Busidiaeycetei 
Ustilago, the frequencies with which * large range of different 
auxotrophe were induced by UV were enhanced when the organisms were 
starved of inositol (Thomas 1972) • and in addition the spectra of 
the different mutations induced by UV alone and 1W combined with 
inositol starvation were quite different. 
At a different level a striking example of forward mutation 
intragenic specificity has been demonstrated. The distribution of 
mutations within the Hi locus of N was shown to be highly non-
random and the spectra obtained after different mutagenic treatments 
were quite distinct (Denser 1961). This topic of intragenic 
snutagen specificity is a major part of this work and will be 
discussed more fully later. 
This catalogue of reports of mutagen specificity did not 
pretend to be a comprehensive one but was meant simply to demon-
etrate that the phenomenon exists and that the influences of 
cellular physiology may be complex. For a fuller exposition of 
mutagon specificity in eukaryotea, see the review by Auerbach and 
Kilbey (1971). 
It is, on reflection, not too surprising that cellular pro-
cones have a role in the determination of mutagenic potency and 
specificity athos the expression of mutants does not occur in * 
vacuum but in a cellular environment; and this applies even in 
cases where oxtracellular flings or naked DNA are mutagenized 
In vitro. 
It should also be always borne in mind that mutagons are by 
definition biologically active agents and that it is not surprising 
that their effects on organisms need not be restricted to their 
attack on the genetic material. Only when pare DNA is nutagenized 
can one be sure that this complication will be avoided. Related 
to this is the tact that the interaction between autagen and DNA 
can itself trigger off changes in cellular physiology not directly 
connected with the iautagenic powers of the particular agent. 
11he catalogue of reports pertaining to such effects of mutagens 
is legion and only a sample of the more recant ones and those with 
special reference to the mutagens used in this study or else those 
which are pertinent to questions of autogen specificity will be 
enumerated below. 
Even bacteriophages treated extracellularly with rsutagen are 
not immune from the action of autagene or non-genetic iaaterial. 
Protein-DNA crosslinks have been shown to be induced after coliphage 
have been treated with IN (Yamada at al len), NA (Dussault et al. 
1070) • and O-aethyThydroxylamine (flkcbonenko at at. 1973). 
Since virtually all mutagens act by directly causing changes 
In the nucleic acid of the genetic ,tteritl, it is not surprising 
to find that there is a tendency for them also to attack other 
nucleic acids involved in the transcriptional and translational 
machinery. 
For example in an exhaustive investigation of the effects of 
UV on various components of the protein-synthesizing apparatus of 
wheat, it was found that 'RNA, tRM and ribunal RNA were all 
Inactivated (Murphy, Kuhn and Murphy 1973). liv  6180 inactivates 
9. 
*we of the enzymes involved in nucleic acid metabolism; e.g. 
ribonuclease (Aktipia and Zammartino 1971) • DNA poly'meraae 
(Snuerbier et a).. 1910). 
When LIJdR is incorporated into bacteriophage lambda DNA, the 
substituted DNA is acne seven times less efficient as a template 
for transcription as is untreated DNA (Jones and Dove 1972). 
JdR has also been shown to suppress differentiated function in 
various tissue types. Since such suppression is reversible it 
cannot be due to mutations induced by the base analogue though it 
has to be incorporated into the DNA to be effective and the cause 
of the suppression has been postulated as being due to the 
inhibition of transcription of the substituted DNA. In hepatoma 
cells Olida inhibited the production of some enzymes but not of 
others (Steliwagen and Tomkina 1971) and it specifically inhibited 
pigment synthesis in melanoma cells (%Yrathall et al. 1973). These 
two examples illustrate intergenic specificities mediated by a 
iutan wearing its non-mutagenic hat. 
There is a report of an interactive effect between UV and 
another halogenated analogue of thytidine, ZUCIR, in which it was 
shown that UV-induced inactivation of thymidine kinne was greater 
when IUdR rather than thymidine was used as substrate. The explan-
ation is that the liv induces photolysis of the analogue and that 
the resultant free radical disturbs the specificity of the enzymes' 
active site (Cysyk and Prusoff 1072). 
hA which is a highly specific mutagen When applied to itagu 
extracellularly (inducing C -, 'F transitions exclusively) has 
however the unusual ability to suppress certain HI mutants when 
10. 
administered to the phage in the intracellular state (Levisolin 1967 
& 1070) • The classes of mutants which were genotypically and 
phenotypically reverted by HA were mutually exclusive. The nature 
of the mechanism of suppression is not really known but a reasonable 
explanation is that Ilk induces compensatory changes in the base 
sequence of the mRNA opposite the mutant site. 
It has been demonstrated that mothoxyamine, which is closely 
related to HA, can act on tENA, converting cytosina residues to 
uracil (Cashmere, Brown and Smith, 1971). 
At $ somewhat different level it has been found that HA can 
inhibit electron transport in Chlorellit (Katch at at. 1070). 
The case of HA is a good one for illustrating the importance 
of cellular processes in the modification of tautagun specificity. 
In contrast to the high specificity with which the C -,:.,-T  transition 
is induced when phags are mutagenizsd extracellularly, when stage 
813 is treated intracollularly all four transitions are induced 
(Thssman, ishiwa and Kumar 1965). Indeed it was found that 
pretreatment of the host with HA was sufficient to induce itage 
mutations, but the mechanism of this type of mutagenesis is not known. 
This type of host-mediated mutagenolis of phage is not restricted 
to HA, but has also been found with IN (Jacob 1954) and WITh (Kondo 
and Ichikawa 1973; quoted in Kondo 1973). 
H&, another mutagen used extensively in this work has been 
shown to induce drastic changes in the mitotic apparatus of Vicia 
feb15 which are probably not due to the agentb autagenic action 
(Boar at al. 1972). 
It might be appropriate to mention here some autagen. whose 
11. 
actual wutagenic abilities may be solely mediated by their effects 
on non-genetic material. 
Amino acid analogues have steen found to be mutagenic in 
usti1aq€ Claim and Tarrant 1971). It was postulated that the 
analogues were incorporated into such enzymes as 0)4k polytnerase 
and lance altered their specificity causing increased inaccuracies 
In DNA replication. 
A similar explanation may account for the mutagenicity of 
divaleut manganese. This ion has been known to be miutagenic in 
E.coli for over twenty years (Dernerec and Hanson 1951) and in 1'4 
it has been shown to induce mainly transitions (Orgel and Orgel 
1Q65) • but still the mecbsnisa of its action is unknown. However, 
has been shown to alter the specificity of DM 
(Berg at at. 1963) and the hypothesis that the ion's rintaggnic 
property depends on its causing a reduction of the fidelity of DNA 
polymerase is an attractive one. It is perhaps surprising that it 
has not been so far tested. 	I 
For a mutation to be scored, tether it be concerned with eye 
colour in Drosoitila, growth requirement in E.co]i or plaque 
morphology in N, or whatever, the mutation is not recognized by a 
change in the DMA. sequence and less still by the presence of a 
prenutational lesion in the nucleic acid, but by the final manifes-
tation of such changes in a living, growing organism. This is an 
obvious statement of fact but it does snitasirs the importance of 
cellular metabolism in the production of what we see as a mutation-
The initial lesion must be replicated, transcribed and translated 
for the end result to be scored, Auerbach (1089) has graphically 
12. 
described such stops in the pathway from preautattonal baton to the 
fully fledged newly mutant ifldtvidüal as mutational stoves at which 
the potential may exist for :nrious el1u3sr systems to act differ-
entially on the tiutatlonnl pathways and hence mutagen specificity 
may be generated.. 
When this allegorical doscriptton no first put forward by - 
Auerbach, it was, in teaponse to the results obtained in the sort of 
approaches to nutagen specificity itch wertllustrfled above, 
where the nature of the ancillary treatments (i.e. genetic back-
ground, plating medium and treatment by a second iutagen) may have 
had . general, and In nearly all caaos; uncharacterized effects on 
cellular metabolism. The use of the metaphor Is therefore more in 
tenno of a conceptual framework than as a proc$se model for any. par-1 
ttcular example of rautagen specificity. 
There is now hoveran Increased intereat in the detailed 
examination or to spociftc roles of cerpLin enzymes in the gener-
ation of mutations, both spontaneous and induced. West of the 
studies on comparative mutation rates and the specific classes of 
mutations which arise have been done in T4 and E.coli, using strains 
which are deficient and proficient in a  step In the genoral area of 
DkA metabolism. The tome of reference such an approach are 
pitched 4at a less empirical bowl than those of the exsapl.es already 
cited. 
A large number of diffasentiystems involving DNA repair and 
synUasis have boon shown to play a part in the production of mut-
ations and in some cases an understanding ,of the mechanisms Involved 
is available. -As will be illustrated throughout the course of this 
13. 
thesis, this approach has alaady yielded dividends in the elucid-
ation of some of the complexities of autagonesis. Whether the 
examples of mutagen specificity discussed above will be able to be 
interpreted on the basis of modification by the ancillary treatments 
of the activity of enzymes concerned with flMk metabolism or whether 
qualitatively different systems are the culprits in the doterndn-
ation of this type of mutugen specificity remains to be seen. 
The work in this thesis was concerned with two aspects of 
ancillary treatments on mutagen specificities, both of which, in 
their different ways, took * somewhat more refined approach to the 
problem than was used in most of the studies described above. 
The first was a comparative study of induced mutation in the 
sa operon of E.coli which depended on the ability of the ancillary 
treatment to cause a highly specific change in metabolism viz. 
repression or derepression of the operon. This was in contrast to 
the more general effects of the ancillary treatments on cellular 
metabolism which occurred in the examples of nutagen specificity 
already given. 
The second approach used the r system in bacteriophage N, 
and was an attempt to see if the ability of cellular processes to 
modify mutagen specificity was confined to intergenic specifities, 
or whether their influence could extend into the realm of intra- 
genie mutagon specificities. lisle the fine control was not on the 
specificity of action of the ancillary treatment, but rather it was 
the specificity of the induced mutants which was subjected to more 
rigourous analysis than is usual in nutagen specificity studies. 
A description of the systems used in this work will now be 
14. 
given. 
The Systems Used 
a).. The Tryptophan () Operon of E.coli 
For reasons which will be apparent, the work on the ti-p oporon 
was terminated prematurely, and the section pertaining to this work 
will to a large extent be considered independently. Accordingly 
the introduction to the flj operon, along with the results and the 
discussion of the findings in this system are presented in a single 
section (Chapter 1. in Results). 
b). The r System in Ylacteriophagu Pd 
The ,E loci of T4, and in particular the rI I locus have been 
studied more actively perhaps than any other system in genetics. 
This intense study has yielded rich rewards in our fundamental 
understanding of the nature and the organization of genetic infor-
mation. Thanks to it, such words as cistron, codon, frameshift 
and suppressor have become commonplace in the vocabulary of genetic-
ists. The i-Il locus is a genetic system par excellence in that  
the intonation gleaned from it has been obtained despite an almost 
complete lack of understanding of the nature and function of the 
i-Il gene product. 
Ssfo*s considering the aspects of the x. system which are of 
particular relevance to mutation studies, I shall briefly review 
what is known about this rather remarkable pystem from a physiolo-
gical point of view. 
One of the most obvious, and the first to be noticed (in 1929, 
according to Adams (1957)) phenotypes of £ mutants is the alteration 
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in plaque morphology. Wild type t4 have plaques which are small 
and which have turbid babes around the edges. The Z plaques are 
larger and have sharp edges. The reason for this difference in 
connected with the phenomenon known as lysis inhibition. When an 
E.coli cell is infected with p4t  and is later subjected to further 
Infection the latent period is greatly extended and the yield of 
phago at the end of the infectious cycle is greatly elevated 
(Doervsann 1948). Such lysis inhibition does not occur in 
stands for rapid lysis) mutants (Hershey 1946). The halo around 
Lt plaques is due to the proportion of bacteria which have not been 
lysod, due to lysis Inhibition. 
Rapid lysia mutants arise at several loci, scattered around the 
Pt! genome (Hershey and Rotngn 1948; Doermann and Hill 1953). 
Mutants at the different it loci can be most readily distinguished 
on the basis of plaque morphologies on different strains of E.coii. 
The three classes of z mutants considered in this work (ri, r1l and 
nil) all give rise to r plaques on E.coli. H. On R.coll. 08, ri's 
alone make £ plaques, the other two being characterid by wild type 
plaques on this strain. On $.coli K-12(A2 (or any other strain 
carrying a lanboid lysogon), ri's have z plaques, nil 's have C 
plaques and ni 'a fail to develop (lbnzsr 1955) • ibriar (1957) 
also showed that the fli region comprised two adjacent ciatrais, 
nlTh and nIB. 
The studies on the physiological effects of i. mutants have 
shown that they cause a bewildering array of different changes of 
phenotype. 
Certain mutants of P4 (designated s) adsorb poorly to E.coli 
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due to disorientation of the tail fibres (Uutberg 1960 & 1970). 
The inability of these mutants to adsorbed Is greatly relieved when 
any z mutation is introduced into the P4 genocie which carries the Z j 
mutation (flutberg 1910 & 1071). 
The altruism shown by & mutants towards their tailless 
brntl*ren does not stop there. Equally unfortunate P4 which have 
mutations in gene 30 (DNA 1iee) are also rescued by rII mutations 
(Karam 1069; Ebisuzaki and Campbell 1969; lbrgor and Itozineki 1960: 
Karam and Barker 1971). This relief by rII mutants is mimiced when 
DNA Ligase mutants are grown in the premonce Of chioramphenicol 
(Kozinski and Mitchell 1969; flosods and Sthewa 1971). To account 
for this similarity in the suppression by rIPs and by chloram*eni-
col, it has been proposed that the rIl gene product may affect DNA 
endonuclesso activity by direct or indirect moans (Warner 1971; 
KaranI and Baker 1071). 
Indeed it has been found that certain Ecoli strains, when 
infected with r1l mutants possess less nuclenee than when infected 
with T41t (flutberg and Rutberg 1968). With Less nuclease, them 
will be fewer gaps in the DNA to be repaired by lies. It has 
been shown that the suppression of gene 30 mutants by rh 's requires 
that the host ligass activity be intact (Gellert and Bullock 1970; 
ICIisch, Shah and Berger 1971), and It has been suggested that in the 
all background, the host ligaso is sufficient to join up any gaps in 
the DNA. 
More recently another rapid lysts mutant, called n. has been 
Isolated and characterized. This mutation also suppresses P4 DNA 
ligaoe mutants, and although it maps near HI, and clearly shares 
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some of the properties of its eminent neighbour, the two mutants are 
not iS 	
2 -ntical. For instance high Mg concentrations overcome the 
suppression of gene 30 mutants by vu 's (Koch 1913) • This effect with 
Mg 2+ is not found with the p. mutation (Chun et Al. 1970; than and 
Ebisuzalci 1973). 
The nature of the suppression of gene 30 mutants by i'll's 
assumes greater complexity with the finding that an independent 'N 
mutation (puSO) can enhance the suppression though it cannot itself 
suppress ligase mutants (Krylov 1972). 
One other aspect of the interaction betwqen gene 30 and i'll 
mutants is that the recombination frequency of such double mutants is 
enhanced compared to wild type (Krisch, llamlett and Derger 1972). 
One more piece of indirect evidence which points to the influ-
ence of the i'll gene on endonucleolytic activities was reported by 
Carlson and Kozin.ki (1969). They found that the transfer of 
parental DNA to the progeny was very irregular in r1I mutants, 
unlike the case for r phage shorn parent-to-Progeny transfer was 
very regular (Kozinaki and Kozineki 1963; Shahn and Kozineki 1966). 
Yet another T4 mutation can be suppressed by i'll (bit not rI 
or run) mutants. Mutants of the t gone were isolated by Josslin 
(1910). Such 5 mutants fail to terminate metabolism at the normal 
lysis time, and although phage are produced within the cell, no 
lysis occurs. Double mutants (5 flu) do lyse at the normal time 
(Josslin loll). 
Lot it be thought that the philosophy of the rll locus in all 
give and no take, it should be pointed out that a locus (.j) has 
been identified and mapped. Certain mutants at this locus can 
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relieve the restriction on the growth of certain rIPs in lambda 
lysogens. The nature of the si gone pro4act is not known 
(Freodnsn and Brenner 1972). 
This polyglot of r phenotypes would at first si$t appear to 
lack any unifying  factor. However several lines of evidence point 
to the fact that at least the HI protein is a T4-directed component 
of the host membrane which is involved in the control of transport. 
It has boon found that extensive hydrolysis of *osphoitpids, 
which are components of membranes, occurs in E.coli infected with 
T4rU, but not With * or ri phage (Bradley and Astrachan 1971). 
When E.coli K-12(X) is infected with HI phage, there 1s 
extensive leakage of polyamines (Ferroluzzi-Anies and Amos 1985). 
Such leakage does not occur when T4 is used as the infecting ptiage 
(ninTh and Cohen 1911) and it was suggested that this leakage of 
polyaminea is in fact responsible for the abortive infection of 
ru •s in this strain. Certainly those compounds are necessary for 
successful phage infeâtion Colon and Cohen 1971 and 1972) and their 
addition to the medium can relieve the restriction on ni growth 
lambda lysogens (Snack 1965; Perroluzzi-Ames and Ames 1985; Buller 
and Astrachan 1968). 
It has also been shown that the addition of Mg ions also 
allow nil mutants to row in E.coli K-12(A) (Garen 1961). The fact 
that gene 30 mutants can also be suppressed by divalent cations 
(Koch 1973) suggests that the nil-mediated suppression of ligase 
mutants may act through effects of the rIl mutant on ionic transport, 
though the exact nature of such a mechanism remains obscure. 
Both the rapid lysis, and the suppression of the gene defect 
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shown by Z mutants are compatible with the hypothesis that they 
contribute to membrane function. The suppression of the T4 
mutation, is however somewhat more difficult to accommodate into 
such a model. 
Also unexplained is the mechanism by which lambda and spool!-
ically the rex gene of lambda (Howard 1967) restricts rII growth. 
After infection of A rex+1ysogenized strains of LootS by F4r11 
mutants, DNA replication is severely inhibited at about eight 
minutes cost-infection (Garen 1981; Nomura 1961; Perroluzzi-Ames 
and Ames 1965), and the PM which is synthesized is much more 
ragmentsry than that following 7 infection (Szargsl and Shalitin 
1972). 
Severe inhibition of lysozyme synthesis also occurs about 
eight minutes after infection, and inhibition becomes complete 
some seven minutes later (Mark 1972). 
A series of varied experimental approaches to detect the 
time of rI1 transcription and translation have given results com-
patible with the work above, in that it was shown that the rU 
gene product is synthesized early in the viral programme 
(Sederoff qt al. 1071; Nesterova and ZapadnaJa 1970; Mattson and 
Russet 1972). The mechanism of the shutoff, and the role which 
the 2B2S  gene of A plays in it is still a mystery. 
In view of the paucity of knowledge of the nature of the ru 
gene product function, it is not surprising to find that it is so 
elusive to isolate. Given the welter of genetic information which 
has been derived from this system a gene product more readily 
amenable to analysis might be considered an an embarsasament of 
riches. 
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Nevertheless, some progress has been made in the isolation of 
both the i'll messenger and protein. Specific mRNA from the ru 
locus has been isolated by competitive hybridization techniques but 
this work, though it tells us the time of transcription and which 
is the transcribed strand is still in its preliminary stages 
(Jayaracan and Goldberg 1969; Sederotf, Ibile and Epstein 1971). 
With regard to the isolation of the protein product of nj, 
the goal of its purification and characterization (particularly with 
regard to its amino acid sequence) still seems a distant one. 
Elegant work by McClain and Champs (1067u1 1070) has resulted in 
*he isolation of a small fragment of the HI 13 protein. Inciden-
tally, these workers confirmed previous findings (Crick et al. 1961; 
Champo and Denier 1962a) that the HI locus has an anticlockwise 
polarity. 
The most telling piece of evidence which implicates the nI 
gene product si a membrane component is the finding that two 
directed proteins are found in the bacterial membrane shortly after 
infection. 
If large deletions of either the nIlA cistron (Ennis and Ktovltt 
1973) or the rUB (Peterson, Kievitt and Ennis 1972) are carried by 
the infecting phage the corresponding protein is missing. 
nil as a System for Mutation Studies 
It was of course the crucial observation of Benzer (1955) that 
rII mutants failed to grow on lambda lysogens that paved the way 
for the elevation of this locus from its status as a T4 marker with 
a rather interesting phenotype to its role as one of the primary 
foci, of study in genetics and molecular biology. 
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With this observation the £ systot, and the rII locus in 
particular, required a property, which allied to its other characters 
rendered it a uniquely useful one for mutation studies. Not only 
could Independently arising £ mutants be detected visually quite 
easily and allocated into three different loci thus allowing the 
potential to assay changes in internic mutagn specificity but, 
crucially, the inability of rile to grow at lysogens protided the 
necessary screening system for revertants of rh 's and for wild 
type recombinants when crosses are performed. The rII system has 
been used to characterize the specificity of action of several 
inutagens. The reverse of the coin is that unknown riPs can be 
classified into mutational type on the basis of their reversion 
responses to specific nutagen•. it should be said that this 
attribute is not exclusive to the rIl locus. 
As stated, the screening in favour of r, phage allows the 
facility of scoring recombinants between independent Hi 's with 
ease, and in consequence the rII intragenic spectrum as well as the 
intergenic spectrum of r mutants can be determined. 
One of the results of the intense study to which the nt locus 
has boon subjected is that a large number of characterized rh 
mutants has been amassed, and these can be used to advantage in 
further analyses of the system. Most notably, the large collection 
of napped rIb deletion mutants allows rapid and precise preliminary 
allocation of newly arising rII mutants into small subregions of the 
locus by auras of deletion mapping (see Materials and Methods). 
The facilities offered by the nIX system have certainly been 
exploited for various different ends. The aspect of the various 
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studies which is of most relevance to this work is that pertaining 
to the characterization of the spectra of rlI mutants within the 
locus. The best illustration of this typo of study is shown in 
Bañzer (1961) in which the sites of many hundreds of independent 
rII snztontw (both spontaneous and induced) are given. Various 
maps of . the rh. locus, each towing the distrtbuttoa of mutants 
derived after a particular mutagentc treatment make two striking 
phenomena immediately obvious. First, for moát,of the tnuta@3ns 
(la' 2AP., 5'430., proflavine, disminopurine and 5.bromodeoxycytidine) 
and especially for the spontaneous, the tutants are not distributed 
at random along the locus, but rather certain 'sites (known as 
hotepots) are represented by U disproportionate number of multiple 
occurrence. This- is so marked as to. flake a statistical analysis 
virtually superfluous. It was shown however., that-the distribution 
of rU mutants among sites did differ greatly f rom the Poisson 
distribution thick would' be expected if the mutants Were distributed 
randomly amongst the sites. . Since 1901, the spectra of rIl mutants 
induced by other ants have. been obtained e.g. UV (Drake .1906b) and 
HA (Alikhanian at al. 1970). Both these spectra were of a non-
random nature. 
The 'second Striking feature is that the spectra of ru 'a 
induced by different mutagens and those of spontaneous origin all 
ditfer.4rom oachother. There: are however some similarities 
between the spectra obtained otter treatment by mutagens which 
induce the same types of mutation e.g. base analogues. 
Both these phenomena still have no coherent explanation. Much 
of the work to be described in this thesis centres around an attempt 
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to reveal that mechanisms may be responsible for the non-random 
nature of the r1l spectra. 
The importance of cellular metabolism in the determination of 
intergenic rautagen specificity has already been illustrated and 
discussed. The question which was asked hero was whether the 
Influence of cellular physiology also extended to intragenic 
uutagen specificity. 	 - 
To this end, z mutants were obtained, either spontaneously 
arising or after mutagenic treatment, under conditions where either 
the nutagonesis (in the case of intracellular mutagenic treatment) 
or the expression period of premutational lesions (in the case of 
extruceflular mutagenic treatment) was carried out in host cells 
whose metabolism had been altered in some way. The classification 
of £ nutants obtained with the various ancillary treatments was 
compared with that of £ mutants isolated under standard conditions 
and with those which are in the literature. 
Altogether four separate ancillary treatments were used in this 
study. Two of them involved the treatment of the host cells by 
drugs and one was concerned with the effect of a specific mutant 
allele in T4. In addition the effects of the ylt at which extracellular 
treatment of T4 by M was performed were assayed. The rationales 
behind the use of each of these ancillary treatments will be found 
in the introductions to the appropriate chapters in the Results 
section. 
The Mut$e.ns Used 
It was decided to compare the effects of the ancillary treat-
ments on the £ spectra induced by two different mutaggns with 
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wholly different modes of action and mans of administration. 
Though there is a wide choice of candidates, the two agenti which 
were in fact chosen for most of the studies were NA and 5-5U. 
Both have been used extensively as r*utikgons on the £ system 
and the classes of mutations and the spectra of t  mutants induced 
by than have been characterized. Although there are similarities 
in the rII spectra induced by the two agents (Benzer 1961) • they 
are distinct from each other and both differ markedly from the 
spectrum of spontaneous ru 'a. Both have non-random spectra and 
the 5-lflJ spectrum possesses the moat striking hotepota of any of 
the mutagen-induced maps. The NA spectrum on the other hand is 
characterized by a larger number of less intense hotapots. 
It has already been shown that both snutagons have biological 
effects other than those directly concerned with their mutagenic 
properties. In addition, the mutagonic potency and specificity of 
both have been shown to be amenable to modification by a variety of 
ancillary factors. This will be illustrated in greater detail in 
the context of the discussion of each of the mutagens below. 
Although, as will be seen, NA and 5-&7 are quite unrelated in 
the ways in which they induce mutations, the classes of rlI mutants 
induced by them are not dissimilar. In N, at least two mutational 
classes are induced by each mutagen and thus the opportunity• 
exists to examine whether the ancillary, treatments affect (if at all) 
one of the classes of induced mutation in a specific manner. The 
fact that both mutagens induce approximately the same classes of 
mutations allows one to estimate whether any alterations in the 
spectra elicited by secondary treatments act upon the class of 
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mutation irrespective of its origin, or rather, whether any modifi-
cations are dependent upon the mutational mechanism by which the 
mutants are induced. 
The two mutagens will be discussed in some detail paying 
particular regard to their action on the r1l system and on the 
importanc* of ancillary factors on their action. 
a). NA 
The molecular basis of the mutagonic properties of NA is 
perhaps the most readily understandable of any chemical wautagen. 
Transitions comprise the majority class of mutations induced 
by NA. This specificity of HA mutagenicity extends from a variety 
of Itages (Prone 1959b; Bautz-Preeae and Freese 1961; Tossnan, 
Poddar and Kumar 1064; Siegel 1965; Wittmanu and Wittmann-Liobold 
1968) to E.coii (Yanof sky, Ito and Horn 1986; Weigert and Garen 
1966) and Neurospora Welling and de Gérres 1308), though the 
relative proportions of the various classes of transitions do van 
between the various systems which have been tested, in fact in 
phage 813, NA was shown to induce all four classes of transition 
i.e. T 4 C and A4-3G (Tessman and Vanderbilt 1970). 
The mechanisms by which NA Induces transitions almost certainty 
involve oxidative deamination, the most pronounced of the molecular 
rearrangements induced by NA in the DNA (Schuster and Schramm 1958; 
Schuster 	 The deamination of cytosine leads to the 
formation of uracil, which will then have a probability of pairing 
with adenine thus generating a O -t TA transition. The deamination 
of adenine results in the formation of hypoxanthino and this 
intermediate can pair with guanine, to bring about the A - GC 
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transition. The doazuination product of guanine is xanthine. This 
reaction usually has lethal consequences, since xanthine is a 
'nonsense' lass in polynucleotides (Richardson at al. 1963; 
Michelson and Orwmerg-ànago 1064). 
In addition to its ability to Induce transitions. NA has been 
reported to be able to generate other classes of mutations. There 
have been claims that it may induce traneversion (Yanof sky, Ito and 
Horn 1980) and frameahifta (sgni; quoted in von florstel 1908). 
However in both reports, the contributions of spontaneous mutants 
of such classes were substantial and it is not really proven that 
NA can intact produce such mutations. 
It does seem clear however that under certain conditions NA 
can induce deletions, both in bacteria (Beckwith, Signer and 
ipstoin 1966) and in P4 (Tessnzan 1962). Koch and Drake (1970) 
could not repeat Penman's findings, and a section of the work to 
be described involved an attempt to resolve this discrepancy. 
Since the nutagenic and ancillary treatments (the ancillary treat-
ment being $1) were done on extracellular stage this section was 
not directed at a study of metabolic influences on mutarjenesis. 
Nevertheless it was approached on the basis of an examination of 
the effects which a secondary factor exerted on the specificity of 
NA autagenesis. It was also thought desirable to try to establish 
the reason for the discrepancy for its own right. 
Apart from We ability to cause oxidative deamination, it has 
also been shown to be able to induce UM cross-links (Decker, 
Zimmerman and Ooiauschek 1964). it is not implausible that this is 
the reaction responsible for the production of deletions. 
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Despite the apparent simplicity of the molecular changes in DNA 
which result from NA treatment as neasured in vitro, and the readily 
understood correlations between such changes and the main classes of 
mutations induced by it, the mechanism of NA cutagenesis may not be 
so straightforward as it would first appear. The influence of 
physiological factors has been shown to play a role in what eight 
have been thought to be as simple a series of chemical reactions as 
could be wished for from a nutagen. 
Clari (1970) has shown that E.coli strains which are deficient 
in excision repair exhibit a greater sensitivity to the lethal 
action of HA, and that the frequency of induced mutations is 
enhanced compared to wild type. He also found that caffeine, 
which is a dark-repair inhibitor in E.coli (e.g. Clarke 1967), when 
added to the plating medium acted as a stimulus to NA mutagunesis 
in the repair-sufficient strain but had an antimutagenic effect 
in the repair-deficient strain. 
In Salmonella, Rudner (1961) found that the addition of broth 
to the plating medium markedly enhanced the NA-induced reversion 
frequency of a tryptophan auxotroph. 
Although not directly related to la's inutagenic powers, it 
should still be noted that the extent of NA-induced killing in many 
different species has been shown to be under the control of loci 
Involved in DNA repair. A catalogue of such reports will be found 
in Chapter 5 of the Results section. 
In the already-mentioned 1(3/17 strain of Neurospora, Auerbach 
and flazsay (1967) found that when NA-treated spores were incubated 
at 329C rather than 25 °C, the recovery of adenine revertants Was 
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indifferent to the temperature of incubation. 
In this strain, NA induces many more adenine than inosith3t 
revertants (Auerbach and Ramsay 1989). In interaction experiments, 
the same authors (Auerbach and flansay 1972), showed that joinft 
mutageneate with NA and UV induced many JaQA'S adenine+ revertants than 
would be expected by sunning the expected frequencies obtained if 
the mutagens were given separately. in contrast, the frequenciIôf 
inositol revertants were substantially less than the sum of the 
individual treatments. The authors argued strongly that such 
effects are explicable only by invoking effects of cellular physio-
logy on the mutagenic pathway of NA. 
Turning to 14, Drake and Greening (1970) showed that the 
frequency of NA-induced AT-9'GC (but not the QC -*AT) transitions 
at the i'll locus was depressed when the treated phage carried an 
antimutator allele at the gene 43 (DNA polymerase) locus. In 
contrast, Freese and Freese (1907) could not detect mutational 
synergism between gene 43 inutator alleles and NA. 
Since in this work to be described, NA was administered 
extracellularly, the possible interactions between NA and various 
cellular components were not a factor in any potential modification 
of NA's specificity of action. 
b). 5-BU 
In contrast to NA, it is necessary for 5-IMJ to be administered 
intracellularly for it to be effective as a mutagen. The reasons 
for this requirement will become obvious when its mede of action is 
described. In consequence, the effects of 5-flu on cellular 
physiology which were described earlier may cone into play in 
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determining the specificity with which this Mutagun acts. 
Given that the method of DNA replication involves the accurate 
recognition of complementary bases (Watson and Crick 1953), it 
might have been predicted that analogues of the bases would possess 
inutagenic powers, and indeed the double helical model was further 
ratified by the finding that certain halogenated analogues of uracil 
were effective inutagens (Litman and Pardee 1956). Amongst these 
was 5-FL!. 
This inutagon induces exclusively transitions in T4 (Prone 
lOSOa) with a predominance of GC --7AT mutants (1utz and Freese 
1980; Champs and Inmr 1962b; Drake 1963). In the single stranded 
phagus 813 and 4)X174 it is the AT -GC transition which is favoured 
by the closely related mutagen LRJdR (howard and Tossnan 1964). 
This paradox is one of many problems which axe to be found in a 
study of 5-911 rutagenesis. 
Incidentally, base analogue eutagenesis is not restricted to 
prokaryotic systems. When Drosophila larvae are treated with 
MJdrt, norphogenic changes are induced, and this has been interpreted 
as being due to somatic cell mutations induced by the analogue 
(Rizki, Douthit and Rizki 1971; Rizki, Rizki and Douthit 1972). 
Since 5-Ill can substitute for thymine to a very large extent 
(e.g. flotz and Walser 1970) it might have been thought that the 
analogue would promote the AT -'GC transition. The fact that 
DC -tAT transition it the commoner class suggests that it is the 
rarer incorporation of 5-BU in place of cytosine which is the 
predominant mutational culprit. It is clear that, as pointed out 
above, the analogue must be incorporated into freshly synthesized 
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DNA for It to be mutagenic, making it obligatory for the nutagen to 
be given to phage which are actively replicating. 
In physico-chemical studies on the ionization and tautoieri-
zation of 5-BU (see Drake 1970) a much higher efficiency of 5-NJ 
rautagenesis is expected than is observed, given the ease with which 
it is incorporated into DNA. The implication is that various 
cellular processes play a role in deciding the fidelity with which 
base analogue-substituted DNA it replicated. 
In the ease study (Drake and Greening 1910) which was mentioned 
in the discussion of NA mutagenesis, it was found that 5-EU nutagen-
esis was depressed in tage carrying gone 43 antimutator alleles. 
There have been conflicting results regarding the effects of gene 43 
mutator alleles on 5-flu mutagenesis in T4. Irene and Freese (1967) 
reported no effect but Speyer (1969) and Albrecht and Drake 
(quoted in Drake 1970, p.183) demonstrated some mutational synergism 
beteen 5-RU and the tsLSO mutator allele of gone 43. 
Lbrs receAtly, various DNA repair systems have been shown to be 
implicated in determining the potency of 5-LW nutagenesis 
(Pietrzykowa)oa 1973) • She found that when the host E.coii was 
deficient in excision repair, 5-BU mutagenosis of phage lambda 
was enhanced, indicating that the mutational heteroduplex could be 
recognized and corrected by the excision repair system. On the 
other hand mutations in loci concerned with reconbinational repair, 
whether they were in the host (recA or In) or in the phage (g), 
depressed 5-RU nutagenesi' of the phago. This antimutator effect 
of recombination deficiency is also found with UV as mutagen both 
in lambda (Defais et at. 1971) and in E.coli (Witkin 1967 & 1969a,b&c); 
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Miura and Tomizawa 1968). The mechanism by which 5-RU-induced 
mutations are generated by a recombination event is obscure, but 
whatever the cause it does add another dimension to the mode of 
5-115 mutarjenesis. 
The role of recombination in 5-13u mutagenesis is supported by 
the fact that recombination frequencies are enhanced when 5-lIt) is 
present in the DNA (Folsome 1960; Pietrzykowska 1973) • A long-
standing unresolved problem in 5-BU mutation studies stems from the 
work of Fermi and Stent (1962), in which it was shown that 5-MI 
mutagenesis of T4 was much more effective In singly than multiply 
infectGi cells. Pietrzykowska (1973) found that in lambda, such 
an effect was reduced in a jyf/recA ba,kground, suggesting that 
some aspect of recombination which was affected by m.o.i. was 
responsible for the observation of Fermi and Stoat. here again 
there is no adequate detailed model. 
A rather interesting negative result also indicates the complex-
ity of 5-BU mutagenesis. Chopra (pets. 00mm,) tried to repeat the 
work of Cerdo-Olnedo et al. (196$) using 5-Ill rather than NM on 
synchronous cultures of 2.coli. The original work with the latter 
mutagen elegantly demonstrated that mutants at different loci could 
be induced with HM in peaks, the particular array of mutants 
obtained depending on the position of the DNA replication fork on 
the chromosome when the mutagen was given. Such a result depends 
on the fact that the mutagen employed acts primarily at the DNA 
replication fork. Given the fact that 5-115 must be incorporated 
into DNA (presumably at the replication fork) for it to be mutagenic 
one would have supposed 5-BU would behave in a similar way to NM 
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when applied to synchronous E.coli cultures, in fact Chopra failed 
to find any such effect with 5-BU. Once again this apparent 
anomaly remains unexplained. 
One rather indirect piece of evidence which associates repair 
processes with the action of 5-33 is given by Bishop and Suodka 
(Ion). 5-35 at high concentration is toxic to Bacillus subtilis, 
Mutants were isolated which were 5-31-tolerant. These mutants were 
also resistant to UV and to caffeine, and this is symptomatic of a 
change in repair capacities. Note however that resistance to 1313dB 
in frog tissue culture cells was obtained by a decreased permeability 
of the membrane to pyrimidines (Mezger-Preed 1072) and that in 
Burkitt Lymphoma cells, resistance was achieved by a loss of thy-
mithne kinase activity (Ibsipar at al. 1071). 
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MATERIALS Att) P2ThQ)S 
I • Strains of E.coli and of icteriotage used 
(a) Tryptortan suxotrotti of E.coli kindly supplied by Dr. W.J. 
Dremnar from the collection of C o Ysnotsicy, 
Strain 	site of Mutation 	Uolectaar Chance Responsible for 
the mptatiou and pattern of 
reversion 
trp A 	GAG (glu) -tOW (nfl 
fleverta to GAØ and is also 
• 	 inissenso suppressed. 
ASS 	trp A 	GAG 	(ember) 
Reverts to GAG but does not 
revert by nonsense suppression 
(Drawtar, pen. coms.) 
All 	trp_A B 	
GAG --- 5'CAG (gin) 
also 	 lbvsrts to GAG and is also 
missense suppressible. 
A23 	trpA 	GGA (gly)-t'AGA (arg) 
inverts to WA and is also 
mtesen.ae suppressible. It can 
also revert to AUA (ii.), AUC (aer) 
or CA (thr) 
AiR? 	trp A 	OGX-'GUX (nI) 
Reverts to GGX. CUX (lou) -> 
COX (an) acts as an intragenic 
second site suppressor 
cent 
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Strain 	Site of Mutation 	MolecularJiane Responsible for 
the mutation and tmttaru of 
reversion 
A0813 	tip A 	fr*mflt3hift (-) 
A21 	tip A 	fnaeshift C-) 
trp £ 	missense mutation. The molecular 
change involved is unknown. 
(b) Plating _Bacteria for P4 
Strain 	 torments 
E.0011 DD 	 Used for routine cultivation of T4 stocks. 
Ecoli B 	 Used for isolation of r. mutants. 
E.coli W (paD) 	 Restrictive, for ril mutants of W. 
Derived from ,§Lr WP2 su which was 
lyuogeniaad with battertophage $80 plus 
bacerioflsge lambda repressor. 
E .colt WP-2 	 Parent of the repair-deficient strains 
below. 
E.coli CM571 exrA 	Obtained from WP-2 by conjugation 
E.coli CM561 exrA 	Obtained frac UP-2 by transduction 
E.coli WP2 uvrA 
E.col.i CISBU uvrA exrA 	Obtained from WP2 uvrA by transduction. 
The 3!a strain and its derivatives were kindly supplied by 
Dr. BA. Bridges, The other three strains were obtained fror 
Dr. N. Symonds. 
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Figure 1* demonstrates the position of each of the following 
deletion mutations. 	The deletions we derived from various 
sources, and were kindly supplied by Dr. N. Symonds. 
1272 	638 878 196 
1241 	N82327 1384 Wa-33 
.13 	N33157 PL'j.63 187 
Pit 	NB3034 1368 1519 
P142 	164 1605 N85080 
AlOS 	924 1589 NB7006 
145 	H88 1299 
flu point mutations 
These were representatives of some of the hotepots obtained by 
13enr (1961). The list of these mutants includes the region in 
which they lie and the mutagen used to obtain thorn. 
Strain 	HI region 	Mutwtenic Origin 	Type of Mutation 
(it known) 
117 	84 	 Spontaneous 	Frameshift 
131 	Mt 	 U 	 Yrameshj ft 
114 	 Dl 	 to 
cont I d. 
Fiire 1. 
Diagraniiatic representation of the i'll region, showing 
the linear sequence of regiono (from Benzer 1961) and 
illustrating the dimensions of the i'll deletion mutants 
used for deletion mappingo 
(D 
36. 
Type of Mutation 
(if known) 
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(a) Media used primarily for work on the Lr2 operon of E.coli 
(1) 110 buffer 







10 mis 0.1)1 11g864 
10 mis 0.01)1 Cad 2 
20 mis 20% Glucose 
Made up to 11 with M9 Buffer. 
WLW was used as the minimal medium for the culturing of E.coli. 
For the growth of E.coli trp auxotrophe, MM was supplemented with 
casein hydrolysate (0.5g./i) plus L-trypto$tan (30tig/l). Tryptoltan 
supplementation was required because hydrolyzation breaks down the 
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tryptophan present in the casin. Where the Ecoli strain carried 
an additional amino-acid auxotrophic marker the appropriate amino 
acid was added at 30mg/1. 
Solid Minimal Plating Media Contained 119MM plus casein plus 
agar (15g/1). For the work on the E.coli tro mutants L-trypto*an 
was added to this medium when total cell count. were to be made at 
30mg/i. In the plates used for scoring reversion to tryptophan 
independence tryptophan was present at 0.5mg/i, 
Solid Agar Slants for maintaining bacterial stocks 
consisted of:- 
15g Ditco Bacto Nutrient Broth 
5g Wad 
15g Agar 
1 Litre Water 
(b) Media used in the work on T4 
(I) Nutrient Growth Media 
T4 was routinely grown in cultures of E.coli in liquid broth 
medium containing 239/1 Nutrient moth No.2 (OXOlD) supplemented 
with L-tryptopbsn at 30mg/i. This amino acid is required as an 
•adsorbtion cofactor for NB (Anderson 1948). Rage could be stored 
for long periods at 40C in this medium without appreciable loss of 
titre. 
(ii) Solid Plating Media for T4 




Each plate contained about 25mb. 
Top Layer contained /1. 	Og/agar 
30mg1 L-tryptopban 
Unless otherwise stated the soft agar was dispensed into small 
bottles in 2.5ml. aliquots. Prior to use they were melted and 
equilibrated to 460C before addition of phage. The agar was poured 
onto the nutrient plate and allowed to set before the plates were 
put into the incubator. 
In those experiments where 'N was treated with (N, the concen-
tration of agar in the top layer was reduced to 3W1 (See below). 
Phosphate Buffer 
Stock Solutions 	 0.2)3 KH2PO4 
8 	0.2)3 Na2HPO4 
0.211, pH 7.0 phosphate buffer. Used in EMS treatment of T4. 
330mbs A 
560m1s B 




Acetate Buffer. Used for NA treatment of T4. 
Stock Solutions 	A 	0.2)3 acetic acid 
B 	0.2)3 sodium acetate 
pH 4.6 Buffer: 255mls A 
245m1s B 
39.. 
$1 4.0 Buffer: 410m1s A 
OOtnls B 
t 3.7 Buffer: 463m1s A 
S7als B 
(v) Sulphanilamide Uediwp (SiN).. Litman and I%rdsö (1956) 
modified by Denzer and Freese (1958)* it was used as the medium in 
which 8-flu mutagenesis of N was carried out. 
It consists of WLW supplemented with following /litre:- 
2g Sulphanilamide 






lag Calcium Pantothenate 
III. Methods Used 
(a) Induction of reverse mutations in E.coli to tryptophan indepen-
dence by various nSagens. 
(1) 2 
E.col.i was grown up overnight at 370C in aerated WUM plus 
30mg/i tryptortan. the cells were spun down at 9,000.rpa in an 
LS.E. 18 centrifuge. The pellet was resuspended in W) buffer and 
was then rospun. The Cells were resuspended in aliquots of M9 
prewarmed to 370C. At t = 0. EP was added to each aliquot at 
different concentrations. Treatment time was 13 minutes and the 
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reaction was carried out at 370C. It Was stopped by diluting the 
cells 1/10 into 6% cold sodium thiosultate. the cells were 
centrifugally washed in M3M1 containing thiosulitate at 1%. 
Finally the cells were resuspended in 1MW to give a cell density 
of about 4 x 109 'ml. 
The washed cells were then plated undiluted on minimal plates 
for reversion estimates or appropriately diluted on minimal plates 
supplemented with tryptophan. The plates were incubated at 37°C 
and after Zdflrs were scored for colonies. 
EMS concentration:- 0.66mlg EMS (Eastman Kodak) dissolved in 
lOals water gave a concentration of 0.511 
Emctly the earns technique was used as that described for EMS. 
0.17nls M1C3 dissolved in 20mls gave a 0.1W concentration of )JMS. 
1)28 
Again, the protocol was identical to that used for EM except 
that thiosuiphats warn omitted from the stopping medium. TM o-
sulphate breaks down residual EMS and MMS but is not active against 
028. 
NA 
After washing the cells after overnight growth, the cells were 
resuspended in 0.05W KU2PO4 (pU 5.4) to which was added sodium 
nitrate to a concentration of 0.25W. The treatment was stopped 
by dilution (1110) into IC) buffer. The cells were plated for 
survival and reversion as described above. 
3& 
The cells were prepared as described above. Aliquots were 
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put into an irradiation dish. The UV source was a Phillips medium 
pressure vapour lamp, the major emitted wavelength of which was 
2537R. Samples were taken at intervals and were plated In the 
usual way. Whilst being irradiated the cells were stirred and 
after irradiation all work was done under dim yellow light to prevent 
itotorsactivation of UV-induced photoproducts. 
(b) Culturinr and Plating of 'N 
The use of the soft agar overlay method was already 
described. The plates were incubated for 12-16hrs at 37°C by 
which time the 'N plaques have reached their maximum size. 
Growth of T4 Lysatee 
The original lysate of T4 was plated on E.coll as described and 
after six hours incubation a young plaque was picked with a sterile 
paper strip (lOxScm) • The inoculum was added to a broth-grown 
culture of E.coli RB at about 1O 7 cells/ml. The culture was 
incubated at 370C under vigourous aeration for five hours, at the 
end of which time a few drops of QE13 were added to couplets lysie 
The lysate was spun at 6,000rjx to precipitate the bacterial debris 
and the supernatant was decanted and stored in the cold. The con-
centration of phage was assayed by plating appropriate dilutions of 
the late on B.coli 	The mani for the choice of E.coli Ba as 
the host for lysate growth was that this strain is unselective for 
£ attants, 
It should be noted that where lysates were to he used for 
mutation experiments, five parallel lysates or the same strains were 
grown up and each lysate was assayed for spontaneous mutation 
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frequency:- either r - £ or ru 1 -'r mutations,, depending on the 
genotype of the lysate. 
This procedure was necessary as a safeguard against 'jackpots' 
which can arise through mutations which arise early in the life of 
the lysate. The progeny of such early mutations will be represented 
In the final lysate at a high frequency and will lead to considerable 
overestimation of the frequency of independent spontaneous mutations. 
Accordingly the lysate with the lowest Incidence of mutants was the 
one chosen for further use. 
(c) Mutagenic Treatments of T4 
(i) NA:- rorward Mutation, (Tessman 1962; Koch and Drake 1970). 
Acetate butter was adjusted to the appropriate $1. Immediately 
before the treatment a fresh solution of NaNO 2 was made up and was 
added to the acetate to & final concentration of 01M. The jtage 
wore diluted into the NA and the treatment was stopped by a 1/100 
dilution of the phage into cold broth. The treated itago could be 
stored overnight in these broths at 40C without loss Of titre. 
Several of the experiments involved the use of many plates so 
that many NA-induced r mutants could be collected. For such 
experiments the protocol was as follows. After the NA treatment, 
the surlival of the phsge was assayed by plating on E.coli B. The 
treated T4 were stored in the cold. 
The next day, the viable titre having been ascertained, an 
appropriate volume of the phage was added to an exponential culture 
of E.coli B. The actual volume of stage added was that which would 
result in about 1000 viable particles being delivered on each plate. 
This was the optimum number, since at densities above this, the 
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plaques tended to overlap and scoring of £ plaques was imi*ired. 
After five minutes which were allowed for phage ndeorbtiOn 
the culture was poured into soft agar at •46 0C (20 volumes agar: 
1 volume culture) • Using a Struers automatic dispenser calibrated 
to 2.5mls,, the agar was squirted onto nutrient plates which were 
then incubated overnight and inspected for r mutant plaques. 
Mt Reverse Mutation 
An vIZ mutant was treated with M exactly as was described for 
forward mutation. The phaje were then plated on E.coli B and on 
E.coll. W080 to obtain estimates of survival and of reversion to f 
respectively. 
In certain experiments the phage were allowed a round of 
replication in a permissive host before being plated on the 
restrictive E.coli W080.  This was done by adding the treated phage 
to a culture of E.coli S in the presence of 4x10 3M NaCN at w.o.i. 
of c 1. The cyanide allowed $iage adsorbt.ion but prevented further 
phago development (Doorman 1952). The complices were diluted into 
a culture of E.coli 11080 and were plated. The dilution relieved 
the cyanide inhibition. 
5-Ill; Forward Mutation (Denier and Freese 1958) 
A culture of E.coli B as jirepared by a 1/50 dilution of an 
overnight culture into SUM followed by aerated incubation for 3.5 
hours at 37°C by which time the cells had reached a density of about 
4xl08/ttl 
At this time .4jJ was added to a concentration of 0.05=g/al 
followed by T4L+ at a density which would give about 1000 plaques/ 
plate when the phag'e were eventually plated out. 10 minutes after 
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the addition of the phage the culture was diluted into fresh SUM 
5-BU and was then distributed into many aliquots which were incubated 
for a further hour at the end of which time the contents of each aliquot 
were plated on E.coli B. The plates were incubated and inspected 
for r plaques. 
The culture was split into many aliquots before the phage had 
gore through their infective cycle to ensure the independent origin 
of the r mutants on the different plates, This was important when 
5-8)-induced r mutants were to be used for analysis of the mutant 
spectra. For such work it was imperative that the mutants were 
of independent origin. Accordingly only one rII mutant from each 
plate was used for such analysis. 
It should be noted here that the combined action of 5-BU and 
light has a lethal effect when the analogue is incorporated into 
the DNA (see for example Kvelland 1972; Puck and Xao 1967) caused 
by light-induced jtotodynamic transformation of 5-flU (Kazimierczuk 
and Shugor 1971). This lethality i.e quits unrelated to the nuts-
genic action of 5-111. Accordingly all work with this cautagwn was 
done under a dim light. 
(iv) 5-8(3: Reverse Mutation 
The method was very similar to that employed for 5-BU forward 
autageussis. After allowing time for sdsorbtion the phan were 
diluted into fresh SUM containing 5-fill. The treatment mixture was 
split into aliquots so that differences in reversion frequencies due 
to Jackpots could be estimated. After one hour in the fresh medium 
one or two drops of CHC1,were added to complete lysis. The phagie 
were then plated on E.coli 080 and E.coli B. 
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2-AP: Reverse Mutation 
The protocol was the sane as that used for 5-BU-induced reversion 
except that 2-Al' (0. 5mg/al) was used instead of 5-BU. 
5-BU and 2-Al': Spot-test Reversion Adaption of Freese 
(1989a) 
This was used as a rapid means of determining which rII mutants 
were transitions. 
Cultures of E,coli W080 and 13 were mixed in a ratio of 10:1 
and were plated with an agar overlay along with about 10 of the ru 
phage which was to be tested. After the .agar bad set, each plate 
was spotted with solutions of 2-AP (10mg/ni) and 5-BU (2.529/nil) on 
different parts of the plate. The plates were stored in the dark 
until the spots had soaked in and were then incubated. If there 
was any increase in the number of plaques at either place where 
mutagen had been spotted compared to the background level, the vu 
mutant was scored as a transition. 
HA: Reverse Mutation (Teasman 1968) 
One part phage lysate was added to five parts 0.111 phosphate 
buffer plus four parts of a 1.011 filter-sterilized solution of 
Rydroxylamine Hydrochloride adjusted to pH 0.0 with NaOH. EU1'A was 
added to the reaction mixture at 10' 3M. As will be discussed later, 
EIIFA was required to chalets heavy metal ions which may catalyse the 
breakdown of HA into more noxious products (Bautz-Freese and freon 
1984). 
The phage were incubated at 37 0C, samples being taken at 
Intervals. The reaction was stopped by a 1/100 dilution into 
broth + 10-3 M 2DM, and the phage were then plated on E.coli WØS0 
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for reversion estimates to r and on E.coli. B to estimate survival. 
EMS: Reverse Mutation (Ray, Bartenstein and Drake 1972) 
The rll phage were diluted into 0.211 phosphate buffer (p11 7.0) 
to which EMS had been dissolved to a concentration of 0.411. The 
reaction was carried out at 37 0C and samples were taken which were 
diluted 1/100 into cold broth plus 0.16M sodium thiosulphate. The 
phage were plated against E.coli W080 and B. 
Bisulphite Reverse Mutation (Sunners and Drake 1971) 
r1l phago were diluted 1/10 into a solution of 0.911 sodium 
bisuiphite dissolved in water. Samples were taken by 1/50 dilution 
into broth and the phage were again plated against E.coli B and W080. 
(d) Inactivating Treatments of T4 
Ri4i Temperature 
Phage were diluted 1/100 into 119 buffer preheated to 700C. 
Samples were taken at intervals by diluting 1/10 into cold buffer 
and the phage were then plated against Ecoli B for the estimation 
of survival. 
3C. 
T4 was diluted into M9 buffer and was treated with UV in the way 
described for Ecoli. Samples were taken and plated against 
E.coli B for the estimation of survival. 
It was mentioned earlier that 0.3% rather than 0.6% agar was 
used for the top layer when UV-treated T4 was plated. UV-irradiated 
T4 tend to form small plaques and with agar at 0.6% may be missed 
altogether. Use of a lower concentration expands such plaques and 
thus reveals the 'missing' ones (Speyer and Rosenberg 1968). 
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(e) One-Step Growth Experiment (Ellis and DeJ.bruck 1930) 
T4 was added to exponentially growing E.coli at m.o.i. c 1. 
In the presence of 43dC3M NaCN. After 12 minutes which were 
allowed for preadsorbtion two aliquots were taken. One was plated 
directly to estimate the number of infective centres. The cells in 
the other were lysed by the additioz of OW1 3 so as to estimate the 
% p1mge which were unad.orbed. 
At t=0 the complices were diluted at least 1/1000 into fresh 
prewarsed medium which was incubated at 37 °C with vigourous aeration. 
Samples were taken at intervals and were pitted either directly or 
after lysis with OWl3. Thus both the release of mature phage and. 
the intracellular formation of mature particles was measured. 
It should be noted that in the course of the work with SM, it 
was found that the antibiotic had an effect on the adsorbtion of the 
phage. Therefore the time course of adsorbtion was studied and 
t=0 for this work corresponded to the time at which phage was added 
to the bacteria rather than when the cowplices were diluted out of 
cyanide. Indeed cyanide was not used in the experiments which. 
dealt with the effect of SM on single-step growth 01 T4. 
Ct) Characterization of £ mutants after their isolation 
Since much of the work involved classification of r mutants, 
the step-wise procedure used in such classification will be described 
beret 
(i) Purification 
The plates containing about 1000 plaques from the autagenized 
phate were scored for the appearance of z plaques. Purification 
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of the £ mutants was required so as to separate the mutant from the 
wild type particles. This was clearly necessary when the  
mutation was scored in a mottled plaque. Each £ plaque was picked 
lightly with a paper strip which was put into O.Sml UP butter in a 
tube. The strip was then pulled lightly over the surface of a 
plate seeded with E.coli B. Mter incubation separated plaques 
were formed at the end of the streak. 
Classification of P mutants into genotype 
One isolated r plaque from each streak was picked and again 
suspended into buffer and restreaked onto plates seeded with 
E.coli MO. The plates were incubated and scored for plaque for-
mation. The stocks of r's which failed to grow were classified as 
ni's and were retained. Those which gave  plaques (r1) or wild-
type plaques (nIX!) were discarded. 
Growth of 128 
This was done by adding 2mls of an early exponential culture of 
E.coli BR growing in broth + tryptophan to each of the tubes which 
contained nix mutants. The tubes were incubated for five hours at 
37°C and lysis was completed by the addition of a drop of dUC1 3 to 
the tubes. Typically, a titre of about 4x109/al was achieved. 
Reversion analyses of rUts 
Each nt ETS was spot-testdd with 2-AP and 5-RU. Those mutants 
which showed an increased reversion in response to either base 
analogue were classified as transitions. Those which reverted at 
very high frequency were discarded since fine scale mapping of such 
mutants would have been impossible. The mutants which gave rise to 
no revertants were tentatively scored as deletions (though see below 
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for a more rigourous diagnosis of deletion.). The mutants which 
reverted spontaneously but were not induced with 0-RU or 2-AP were 
classified as 'other': traneversions or frameshifts. 
In some experiments the transition mutants were further 
analysed by testing their response to HA. Those which were respon- 
sive to HA were scored as hating GC at the mutant site. 
(v) Mapping of r1i mutants 
The facility with which flI mutants can be mapped with high 
resolution has already been mentioned and is duo largely to the 
ability to perform deletion mapping. The:-rationale behind this 
technique to that a mutant cannot recombine with a deletion which 
spans its position. By using spot-test recombination assays it is 
relatively simple to allocate an unknown nt to a smaller region 
of the rU locus on its qualitative recombination pattern in crosses 
to a number of deletions whose dimensions have been characterized. 
The collection of deletions in this work allowed the unknown fli to 
be unambiguously allocated to any one of 30 such subregions. All 
the nIl mutants whichfell into a given region were intercrossed 
and any pairs of mutants which gave no recombinants were assigned 
to the same site. 
Finally where it was possible, a representative from each site 
was crossed to nil point mutations derived from other sources 
(See strains above), so that the sites in this work could be iligtied 
with the sites in the maps in the literature. 
The procedure for spot-teat recombination was as follows: 
O.lal of each nit parent each at about 2xlO 9/al was added to 0.25a1 
of Lcoli B. After 10 minutes the mixture was spotted onto a plate 
Rip 
seeded with E.coli WE8O. Any clearing at the spot greater than 
that found for the controls indicated recombination between the 
parents. 
It was mentioned that those r1 l's which failed to, generate any 
revertants were initially classified as deletions. Such mutants 
were crossed to a series of separate point mutations whose position 
was known. If the non-reverting mutant failed to recombine with 
two or more of the point mutants it could be unambiguously classified 
as a deletion. The dimensions of the deletions could be estimated 




1. EFFECTS OF GENE ACTIVITY ON INDUCED MUTATION flSUENCIES IN E.COLI 
It will have been noted in the introduction that several of the 
reports of mutagen specificity attributable to cellular processes 
have been discovered by chance observation or else by the use of 
ancillary treatments whose effects on the cellular metabolism are 
either imprecisely known, or are of a non-specific nature. This 
approach has meant that in may of the cases there has been no rest 
understanding of the cellular factors which play a role in governing 
mutagen specificity. 
The work to be described here relied on the obverse approach 
from that delineated above in that a highly specific cellular pars-
meter was modulated and the effect S upon mutation frequency was 
measured. 
A suitable candidate for such modulation is the state of 
activity of the gene whose mutation frequency is being measured. 
Bacterial operons provide an ideal system for such work since one 
can rapidly and reversibly dictate the state of activity of the 
locus under study without disturbing cellular metabolism to any 
great extent. 
The particular operon used here was the tryptophan () of 
Eacherichia coU. The anatomy and physiology of this operon is 
well known. 
It contains five structural genes, try E, 0, C, B and A which 
code for the enzymes involved in the biosynthesis of tryptophan 
(Yanof sky and Lennox 1959). In addition, a large collection of 
fl 
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mutants exists and for many of those which are located within the 
trpk gene the actual DNA base change can be Inferred and the routes 
by which reversion can occur is known (Brnvmuar, forger and Yanof sky 
1967; Berger, arammer and Yanof sky 1988). - For .mutation studies 
this knowledge of the exact nature of mutant under study is very 
useful, 
The tre operon to repressed when L-.tryptopl%aU Is present at 
SOmg/l. The amino-acid, or one of its derivatives acts as co-
repressor (Liorteilior and Vane! sky 1971). The repression can be 
relieved by tryptophan starvation or by addition of the tryptophan 
analoglisap, (Mono, Baker and Yanof sky .1988). 
Shortly after, the cells have been placed in doropresslon con-
ditions one RNA .polymerase molecule begins to transcribe the operon, 
the B gene being the first to be transcrlbe4 (The trp operon operator 
is located close to the E gene (Hiraga 1989).) The polylneraso 
transcribes at a rate of about 1000 nucleotides/minute, the trans-
cription of the tote operon requiring some ten minutes. TWA 
polymerasea transcribe the operon with a periodicity of about three 
minutes W. they are separated by about 3.000 base pairs. At any 
one time there are likQly to be between two and three RNA polycierase 
molecules traversing the operon (Iisamoto 1968; Baker and Yanof sky 
1908). 
The nascent chain of mENA is rapidly charged with about 80 
ribososes very shortly after, the start of a round of transcription 
and the appearance of enzyme occurs almost izied,ately after synthe-
sis of the anNA which encodes the particular enzyme (Ito and luzamoto 
1968; hone, Baker and Yanof sky 1968). 
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Almost immediately after all the ribosomes have translated a 
particular section of the messenger, the 'naked' mItNA is degraded 
by nucleases (Ilorikawa and Imamoto 1969). 
In addition to having all the translational machinery in close 
proximity to the derepressed operon, the structure of the DNA is 
also physically altered by the transcription. The existence of a 
transient DNA-RNA hybrid during transcription has been demonstrated 
In bacteriophage 0X174 (Hayashi and Hayashi 1966 & 1969), .Nourospora 
(Schulman and Bonner 1962) and in Drosophila (Mend 1964). 
A recent model (Sick, Lee and Thomas 1972) postulates that at 
the points of transcription the DNA helix is opened up into a 
'bubble' which is of greater dimension than the actual region of 
hybridization. The BRA hybridizes only with the sense strand of 
DNA (Marmur at al. 1963; Hayashi, Hayashi and Spiegelaan 1964) and 
further, only the sense strand is involved in the selection of the 
Incoming complementary nucleotide (DoerS br and Hogmms 1968; Wetokam 
1972) • Nevertheless both strands are quite clearly modified in 
stereochemistry at the point of transcription. 
Given all this flurry of activity around the derepressed gene 
It was thought quite reasonable that the physical  differences 
between a gone in its repressed and derepressed state night be 
reflected in a difference in induced mutation frequencies under the 
two regimes. 
In fact some parameters, not entirely unconnected with mutagone-
sis, have been shown to be affected by the state of gene activity. 
A decrease in intrag.nic recombination frequency in the lactose 
operon of E.coli (Herman 1968) and in the histidins operon of 
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Salmonella (Savic 1972) was found when the operons were derepressed 
compared to when they were inactive. In contrast, the opposite 
result was found in the arabinose operon of E.coli Melling 1067). 
It is not clear why this different result was found. 
Idilech and Starlinger (1968a bibY reported that there Was a 
difference in the UV sensitivity of genes in the repressed and 
derepressed state for galactokinase-forming ability in E.coti. 
There was also a difference in the pbotoreactivability of the UV-
induced impairment of galactokinase formation wider the two states 
of gone activity. They found that part of the UV-induced inacti-
vation could be reversed by visible light only when the inducer 
was absent after IN-treatment. 
If, as was the case in this study, it is reverse mutation 
which is to be measured, two stipulations regarding the nature of 
the chosen auxotrophic mutants must be made. 
Obviously the mutation must be induced to revert by a mutagen at 
sufficient frequency for a valid comparison of the mutation frequenc-
ies under the two regimes to be made. 
The reversion must not be mediated by an extracistronic suppressor, 
or at least those revertants which arise by such means should be 
readily distinguishable from true revertants. The reason for this 
restraint is that the state of activity of any suppressor locus 
will almost. certainly be independent of the transcriptional state of 
the operon. Thus any revertants which arise through extracistronic 
suppression will confuse the estimation of the effects of gene 
action actually at the locus within the operon. 
Accordingly the flg mutants used here were, with the exception 
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of the unsuppressible ASS, all frataeshift or aissense mutants. 
It has recently been shown that fraaoshift suppression can 
occur through mutational alteration of species of tRNA. Such 
suppression is restricted to those Bites where the frameshift occurs 
in a run of (IC base pairs (Yourno 1971 & 1972; Yourno and Kohno 
1972; Riddle and Roth 1970, 1972a & b) • However such suppressed 
strains grew very poorly and could be distinguished from true 
revertants. 
Extracistronic missense suppression can also occur, in some 
cases with high efficiency, but the mutants used here which were 
missense-suppressible were suppressed with low efficiency and crew 
more slowly than true revertants. The latter thus could be 
distinguished. by their larger colony size (Bremmar, pets. coata.). 
Intracistronic suppression is also a means of reversion for 
frasasahift (Crick at al. 1961) and of aisasna. mutations (Yanofsky 
at at, 1983). However, false revertants which arise by such means 
will not interfere with the interpretation since the second-site 
imitation will be in the sane state of activity as the original 
auxotrophic mutation. 
One other point concerning the choice of aissense mutations is 
that in their presence the whole operon is transcribed and trans-
lated in a normal fashion (Iaaaoto and Yanof sky 1967a 	In 
contrast o translation stops prematurely at a nonsense codon due to 
the release of ribosomes from the messenger which in turn is vary 
rapidly degraded (Morse and Yanof sky 1969). Thus the conditions, 




A number of mutagene were used in this study: UV, NA, DES, 
MMB and EMS. 
Each tryptophan awcotroph was treated with each autagen in 
turn as described in Materials and Methods so as to obtain a suit-
able tautagenesis system before proceeding to the comparison of the 
induced frequencies in the different transcriptional states. 
(a)3 
Unlike the chemical mutagens, it was thought to be unlikely 
that there would be a differential physical accessibility of TN to 
the DNA in the repressed and deropressed state. However the 
different stoichiometric conformation might have been expected to 
alter the nature and the potency with which UV induced its lesions. 
Quite a lot of evidence now suggests that IN-induced mutations 
occur through an error-prone reccmbination-repair system (Witkin 
1969a,b 7andc 	It was therefore thought that the state of activity 
of the operon after irradiation rather than during it, might have 
more effect on the frequency of TN-induced reversions, In fact 
Witkin (1966) has postulated that for suppressor loci at least,the 
repair-mediated IN-induced mutation frequency is greater in genes 
in the active than in the repressed state. 
Each mutant was treated with 1W for 60 seconds and the bacteria 
were plated and reversion and survival were assayed. From Table 1 
It can be seen that none of the mutants was induced to revert to 
any significant extent and hence IN was not suitbale for this study. 
(b) NA 
The details of NA mutagenesis "will be, discussed at greater 
TABLE 1. UV-Mutagenèsip of Tryptophan SuxotroPhs 
Rersixi 
UV Dose Try Frequency 
STMIN (Secs.) % Sun. Revertants (x10 9 ) 
AS 0 100 43 6.1 
30 31.2 9 5.6 
60 0.16 0 - 
0 100 32 2.3 
30 18.4 11 2.1 
60 0.31 1 6.4 
A187 0 300 50 3.5 
30 10.1 14 4.1 
60 0.23 0 - 
All 0 100 47 4.4 
30 6.4 11 6.5 
60 0.09 0 - 
ABS 0 100 85 7.5 
30 21.1 19 8.1 
60 0.07 0 - 
A21 0 100 103 8.1 
30 17.5 25 11.1 
60 0.12 2 14.1 
A23 0 100 56 6.6 
30 12.4 9 7.0 
60 0.20 1 17.0 
A9813 0 100 41 4.2 
30 14.2 6 • 	3.4 
60 0.11 1 8.7 
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length in relation to the work on W. It is sufficient at this 
point simply to note that it can be autagenic in E,coli (e.g. 
Clarke 1910). 
Each mutant was treated with NA, but as can be seen in Table 2 
again none was induced to revert. 
DEB  
This bifunctional alkylating agent has rarely been used in 
bacterial systems and the exact nature of the molecular changes 
Induced by it are unknown. There is some evidence that it can 
form crosslinks between guanines which are almost opposite in the 
DNA and that it can alkylate in a fashion similar to that of better 
studied alkylating agents. The classes of mutation induced by it 
are also unknown although there is indirect evidence that it can 
Induce base-pair substitutions. 
Table S shows that only one mutant, T3, responded quite 
strongly to DES mutagenesis. None of the other trp mutants res-
ponded at all to DEB. 
EMS and LUIS 
These two monotunctional alkylating agents are chemically 
closely related and will be considered together. 
The major classes of lesion induced by these agents are 
alkylation of guanine at the 7 position and of adenine at the I 
position (Lawloy 1066). 
In E.coli, EliS can induce a comprehensive array of mutational 
classes; AT-PTA and OC - CG transversions and AT —7Wtransitions 
(Yanof sky. Ito and Horn 1966) • Smiler information of the classes 
of mutation induced by lIMB in E.coli is not available. 
TABLE 2. -Mutagensis of Tryptoitan Auxotroflie 
Reversion 
M Dose 'fty + Frequency 
STRAIN (Mine.) % Sun. Revertants (x10-9 ) 
A3 0 100 35 4.8 
30 62.4 24 5.6 
60 21.6 21 9.1 
T3 0 100 40 3.5 
30 57.0 23 3.3 
60 17.1 4 2.1 
*187 0 100 61 2.7 
• 30 74.8 39 3.6 
60 15.1 4 1.1 
All 0 100 60 5.1 
30 63.6 44 4.8 
60 18.9 9 4.8 
ASs 0 100 92 7.2 
30 53.7 46 6.5 
60 11.4 11 6.8 
*21 0 too 87 7.6 
30 64.1 56 7.1 
• 60 20.4 21 8.2 
*23 	• 0 100 37 4.1 
30 50.9 19 4.0 
60 14.6 19 7.3 
*9813 0 100 44 5.2 
• 	 • 30 71.1 35 6.4 
60 24.1 14 5.7 
TABLE 3. DES Mutaieensis of Thyptoçtan Auxotropha 
Reversion 
DES Dose Try Frequency 
STaAIN (Molarity) % Sun. .Revertants (xlO 9) 
MI 0.0 100 51 4.1 
0.05 42.6 29 3.9 
0.10 20.0 12 4.3 
T3 0.0 100 25 2.5 
0.05 51.4 152 36.1 
0.10 23.2 138 54.6 
A187 0.0 100 64 4.4 
0.05 48.1 50 7.6 
0.10 19.0 9 3.8 
All 0.0 100 38 3.2 
0.05 50.0 11 2.5 
0.10 11.6 6 2.6 
ASS 0.0 100 99 6.9 
0.05 62.6 41 7.3 
0.10 18.5 11 3.7 
A21 0.0 100 68 7.5 
0 1 05 31.9 29 8.2 
0.10 15.2 24 10.9 
A23 0.0 100 44 75 
0.05 68.4 34 8.5 
0.10 21.5 7 6 1 7 
A9813 0.0 100 61 5.8 
0.05 52.3 48 7.1 
0.10 17.0 10 5.2 
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Tables 4 and 5 show that three of the atDcotrophs were induced 
to revert with both agents. 
Both All and T3 showed a strong response to EMS but a much 
smaller one to SIMS. On the other hand A23 was induced to revert 
moderately with mIS but only very slightly with EMS. 
The positive response of All to both mütagens confirms that 
both agents can indeed induce tranaversions since this mutant can 
revert only by such mean. 
Any similar conclusions with regard to tas and T3 are not 
tenable since the former can revert by a number of mutational path-
ways and the base pair change in the T3 mutation is not known (see 
Strains in Materials and Methods). 
EMS Mutagenesie of All and T3 under Conditions of Repression and 
Derepresa ion 
Of all the mutant-mutagen systems tested above, the two which 
gave the strongest responses were those between EMS and the mutants 
PS and All. Accordingly these systems were chosen for the first 
estimates of the effect of gene action on induced mutagenesis. 
The experiments were performed in two ways both of which gave 
similar results. 
() Repression of the operon by the addition of tryptophan 
Each strain of bacteria was grown overnight in fully supple-
mented minimal media. The cells were washed in buffer three times 
by centrifugation in order to deplete them of tryptophan. The cells 
were finally resuspended in fresh MO media at 370C supplemented with 
casein • and each suspension was then split into two aliquots. To 
TABLE 4. )WS Lbitagensis of Tryptotan Auxotroits 
Reversion 
ME Dose Thy Frequency 
STMIN (tiolarity) % Surv. Revertants (x10 9 ) 
43 0.0 100 59 5.4 
0.05 62.9 41 5.0 
0.10 35.1 19 5.2 
1'3 0.0 100 41 3.4 
0.05 71.0 82 10.1 
0.10 40.2 176 32.4 
4187 0.0 100 37 4.0 
0.05 51.8 22 6.1 
0.10 22.4 14 5.3 
All 0.0 100 62 4.9 
0.03 81.6 111 0.2 
0.10 39.9 104 17.6 
*88 0.0 100 136 9.4 
0.05 69.1 49 7.6 
0.10 38.2 45 10.! 
A21 0.0 100 81 6.2 
0.05 50.2 47 7..1 
0.10 21.0 24 9.3 
423 0.0 100 69 5.8 
0.05 46.8 216 30.4 
0.10 23.1 329 52.6 
*9813 0.0 100 30 6.4 
0.05 60.5 17 5.1 
0.10 34.6 17 0.8 
MUlE 5. EMS IIutagensis of Tryptotan Auxotropha 
Reversion 
EE Dose Tryt Frequency 
STRAIN (Molarity) S Sum Revertants (x10'9 ) 
*3 0.0 100 28 6.9 
0.25 81.9 12 4.7 
0450 25.8 10 8.1 
T3 0.0 100 17 3.7 
0.25 90.2 3416 886 
0.50 24.6 3628 4830 
AlS? 0.0 100 73 4.0 
0.25 77.6 57 4.0 
0.50 30.1 35 4.9 
All 0.0 100 30 2.1 
0.25 80.5 274 28 
0.50 17.5 961 98 
*88 0.0 100 134 9.5 
0.25 81.8 145 11.4 
050 27.9 42 9.1 
*21 0.0 100 67 6.2 
0.25 72.1 51 6.1 
0.50 30.5 12 5.5 
*23 0.0 100 67 4.7 
0.25 70.0 83 8.2 
0.50 41.3 93 16.2 
*9813 0.0 100 18 1.8 
0.25 92.3 29 2.5 
0.50 25 4 0 11 3.9 
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one of these aliquots was added L-tryptophan at 30mg/i. This was 
the repressed aliquot (+ TRfl. To the other was added L.-tryptoph*n 
at 0.5mg1i. This concentration relieves the starvation but is 
not sufficient to repress the operon. This aliquot was designated 
-TRP. 
Five minutes were allowed to elapse so as to allow transcrip-
tion to get under way in the derepressed aliquot. $118 was then 
added to each of the aiiqpots at various concentrations and the 
mixtures were incubated for 15 minutes at 31 °C. The reaction was 
stopped by dilution into thioipulphats. In addition to thiosuiphate, 
L-tryptophan was present at 30mg/I in all the stopping mixtures so 
that all the aliquots contained cell, in the repressed state after 
mutagenic treatment. Tryptophan was omitted from the final wash 
so as to prevent its carry-over onto the plating media. 
Figtire and Table 6 show that although there was no difference in 
either survival or spontaneous mutation frequency in both All and T3 
under the two regimes, the induced reversion frequencies were higher 
when mutagenesis was carried out in the absence than in the presence 
of tryptophan. The ratio of the increase at the highest EMS dose 
was greater in T3 (9.1) than in All (2.2). This result suggests 
that EMS is a more potent mutagen when it acts on genes which are 
engaged in transcription. However, for reasons which will be 
discussed below this method of dictating the operoti's transcriptional 
state is not altogether satisfactory for a mutational study of this 
type. The protocol to be described below is a more appropriate one. 
(b) Derepression of the operon by' the addition of ii' 
As mentioned earlier the tryptophan-analogue, IP, has the 
TABLE 6. EMS Liutagenesis of All & PS in the Presence and Absence 
of Tryptophan 
-TRP 
EMS Dose Reversion Frequ. 
Ratio of +PRP 
STRAIN 	(Molarity) (xlr9 ) Reversion 
.-TRP 	tTRP 
All 	0.0 1.8 	2.2 0.82 
0.10 17.1 	8.1 2.1 
0.25 78.1 	39.4 2.0 
0.50 248 	112 2.2 
Ta 	0.0 2.8 	3.6 0.78 
0.10 27.1 	11.4 2.4 
0.25 462 	106 4.4 
0.50 3160 	346 9.1 
Figure 2. 
EMS Inactivation and Induced Reversion of T3 and All 
in the Presence and Absence of Tryptophan 
Circles 	:- P3 
Triangles 	:- All 
Dotted Lines 	:- Trtophn absent from mutagenic 
treatment media. 
Continuous Lines :- Pryptophan present in mutagenic 
treatment media. 
Open Symbols 	:- Survival 
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ability to derepress the trp operon even in the presence of low 
concentrations of tryptophan without itself being used as a metab-
olite. 
The protocol was largely similar to that described above. 
After growing up the E.coli and washing them in buffer they were 
suspended into MO minimal medium. This suspension was split into 
two aliquots, A and B. To A (the derepressed aliquot) was added 
L-tryptophsn at OW1 plum I? at 30mg/i. To B (the repressed 
aliquot) was added L-tryptophan at 30mg/i. Figure 3 and Table 7 
+IP and -IP correspond to aliquots A and B respectively. The EMS 
mutagonesis, and termination of treatment was precisely the same as 
In protocol (a) above. The advantage of this protocol over that 
In (a) is as follows. The already-stated aim of this work was to 
modulate a parameter with highly specific effects. In the first 
protocol although certainly the transcriptional state of the operon 
could be controlled by adding or withdrawing tryptophan, one is in 
addition in the former case supplying the metabolite required by 
the auxotroph. This may mean that the cells under the two regimes 
differ in their general metabolism quite apart from the local 
differences concerning the state of activity of the Sm operon. 
When IP was used however, the required amino acid was present 
In both regimes albeit at. a lower concentration for the derepressed 
aliquot. Thus with this protocol the general metabolic differences 
due to the, effects of amino acid depletion will be less than In the 
first protocol. 
Figure 3 and Table 7 show a very similar pattern to that found 
when the first protocol was employed, is. identical survival and 
TABLE 7. EMS ?Aitagenesis of All and T3 in the Presence and 




(xlO 9 ) 
Ratio of -IP 
Reversion 
+jP 	.4? 
All 	0.0 4.1 	3.2 1.3 
0.10 9.6 	5.9 1.6 
0.25 48.9 	27.6 1.8 
0.50 216 	00.9 2.4 
T3 	0.0 2.1 17 1.2 
0.10 29.1 4,0 7.3 
0.25 307 38.9 7.9 
0.50 4164 486 8.6 
Figure 3. 
EflS Inactivation and Induced Reveraicn of T3 and All 
in the Presence and Absence of I? 
Circles 	;- TS 
Triangles 	:- All 
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spontaneous mutation frequencies but higher induced reversion 
frequencies in the presence than in the absence at IP and a greater 
factor of increase in T3 (8.6) than in All (2.4). 
Effect of Gene Activity after EMS • Mutagenic Treatment 
It weg mentioned earlier that inaccuracies in repair may well 
be responsible for the generation of UV-Induced mutations and it 
is possible thkt EMS mutagenesis may also be mediated via such means. 
Certainly EMS-induced lethal damage is amenable to repair 
processes (Ray, Bartenstein and Drake 1972) but the actual impli-
cation of repair processes in EMS mutagenesis has not been shown. 
However Strauss (1962) has shown that in E,coli EMS-induced mutations 
can accumulate during the post-treatmont period. 
Accordingly a comparison was made between the EMS-induced 
mutation frequencies of All and T3 when the IM operon was repressed 
and derepressed after the actual mutagefltC treatment. 
The experiment was done in two ways. 
(u) 1M operon derepressed during EMS treatment 
The cells were prepared as described already and were treated 
with 0.531 EMS in M9 medium in the presence of Ii'. 
The reaction was stopped by washing in sodium thiosuiphate. 
The cells were then resuspended into prewarmed MV zuedftn ± IP. 
Aliquots were taken immediately and plated for mutation and sur-
vival. The cells were incubated a further 20 minutes before being 
plated. See Table Sn. 
(b) fl *Peron repressed during EMS treatment 
The procedure was the same as that above except that IP was 
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omitted during EMS treatment and L-tryptophan at 30mg/i was added 
in its place. See Table Sb. 
For both strains the state of gene activity after the EMS 
treatment had no effect on the induced mutation frequency. 
Reconstruct ion Experiment 
Is the difference in the EILS-induced reversion frequency due 
to the preferential selections of prototrophs in the treatments 
whore the Ire was derepresssd? To test such a possibility a 
reconstruction experiment was performed. 
In such an experiment a mixture of the two relevant genotypes 
(in this case trP au,cotroph and prototroph) is subJected to the 
procedures involved in the original mutagensits experiment. Any 
differences in the relative frequencies of the two genotypes before 
and after the mutagenic treatment is suggestive of differential 
selection on the two genotypes. 
The procedure was as follows. A mixture of a 	auxotroph 
(ASS) which was not induced to revert with EMS and a t 	strain 
was made in a ratio of about lO:l. The mixture was plated 
immediately on complete and on minimal plates to estimate the total 
cell density add the frequency of prototropha. 
The mixture was then split into two aliquots each of which was 
treated with EMS, one in the presence, one in the absence of IP. 
After termination of treatment the mixture Was again plated so as 
to estimate the proportion of trp Individuals amongst the survivors. 
Only one dose of EMS was used; 0.91 for 15 minutes. See Table 9. 
It can be seen that the relative frequency of the jjp  E.coli 
TABLE S. EMS Mutage2Wsis of All and P3 with IP Present or 
Absent during Post Treatment Incubation 
• Operon Derepressed During EMS Treatment 
Reversion Frequency Reversion Frequency 
1S Dose. (x10
9) on (x10 9 ) after post- 
STRAIN (Molarity) immediate plating treatment incubation 
4P 
All 0.0 1.9 2.1 	- 	1.7 
0.5 192 176 	 218 
'P3 0.0 2.9 3.6 	 2.8 
0.8 765 4216 	3871 
• 	Operon Repressed During EMS Treatment 
Reversion Frequency Reversion Frequency 
EMS Dose (x10 9) on (x10 9 ) after post- 
STRMN (Molarity) immediate plating treatment incubation 
+IP 	 -IP -
All 0.0 2.3 4.2 	 38 
0.5 24.6 27.5 	29.1 
iTS 0.0 3.7 3.4 	 4.9 
0.5 628 712 	 598 
MBIE 9. Reconstruction Experiment for. MS Mutagenesis of tro 
Operon in Repressed and Derepressed States 
	
£15 Dose 	Initial Proportion 	Proportions of tryt 
(Molarity) of try 	 after treatment 
tip 
	 -I P 
0.0 
	
2.8x10-5 	2.4xl0"5 3. 0x10 5 
0.5)4 	 - 	 2.7xlO' 5 	2.1x105 
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stayed constant before and after treatment whether the operon was 
repressed or. derepressed during ais treatment. This means that 
differential selection of prototrophs was not responsible If or the 
increased induced reversion frequency under conditions of. derepres-
siori. 
The complaint which can always be levelled against reconstruc-
tion experiments is that they do not, indeed cannot, measure 
selection on newly-formed mutants but only on fully-established 
mutation.. Indeed Clarke (1062) provided a salutory example of a 
case where selection clearly acted on the rautagenic pathway but not 
on the fully expressed mutation. 
Discussion 
It should be said that during this work two independent paper. 
appeared (frock 1971; Herman and Dworkin 1911) both of which dealt 
with essentially the same problem. In fact the only real difference 
between frock's work and mine was that he studied the effect of gene 
action on the frequency of EMS-induced reversion at the lactose 
operon in Ecoli. 
Herman and Dworkin used ICR-191 as their mutagen for Inducing 
reversion of mutants • also in the lac opein n. This mutagen induces 
fraasshift mutations almost exclusively so this system was somewhat 
different from nine where the two mutants reverted by base pair 
substitution. 
fle finding, of both these sets of authors were the same as 
mine, viz that some chemical autagens are more effective when 
acting on dereprossed genes. 
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More recently it has been shown (SaviQ and Kanazir 1972) that 
the frequency of UV-induced reversion of ochre and frameshift 
mutations in the bietidine operon of Salmonella is higher in a 
strain whore the operon is transcribed constitutively than in wild-
type . strains in which the operon is repressed. This result 
conflicts with that of Brock (1971) who reported that the state of 
activity of the inc operon did not affect the frequency of UV-
induced reversion. 
The fact that the tro and the lac operons of E.coli can be 
fused (Miller at al. • 1070; Michels and Reznikoff 1971) and that such 
fused strains show co-ordinate control of transcription suggests 
that these two regions of the E.coli chromosome have very similar 
transcriptional mechanisms. 
Thus it was thought not to be worthwhile pursuing this work, 
given the similarities between the jg and the trp operons, and 
since some of the further experiments which I had intended doing 
had already been carried out in one or more of the reports cited 
above. I had intended to perform the following additional 
experiments. 
It was intended to see if MIIS also proved to be more mutagenic 
for strains T3, All and A23 under conditions where the trp operon 
was derepresued. T3 also showed a moderate response to DEB, and 
the effect on the mutagonicity of this agent of gene action was also 
going to be measured. 
I wanted to test the effects of a chain-terminating codon 
operator-proximal to the EMS-revertible mutation so as to measure 
the effect of polarity on induced nutagenesis of operons in the 
05, 
repressed and the derepressed states. Herman and Dworkin (1971) 
did Just this and found that the enhancement of the [CR-191-induced 
reversion frequency in the derepression conditions disappeared in a 
strain carrying a polar mutation. 
(c) It was intended to repeat the experiments on EMS mutagenesis of 
T3 and All in repair-deficient strains to see if impaired repair 
enzymes had any influence on the induced mutation frequencies under 
the two transcriptional states. However both Herman and Dworkin 
(1971) and Savic and Kanazir (1972) found that repair-deficient 
strains had no effects on the differential induced mutation fre-
quencies in the active and repressed state. This suggests that the 
difference in frequencies is due to the differential induction of 
lesions rather than differential repair in the two regimes. The 
fact that I could find no difference in the EMS-induced reversion 
when the operon was repressed or derepressed after the mutagenic 
treatment supports this idea. 
Had I continued this work I would have ascertained that under 
the conditions used, the jjg operon was in fact repressed or dere-
pressed as appropriate by the manipulations which I used. It was 
always possible that the EMS treatment itself interfered with the 
control of gene activity and it would have been more rigourous to 
perform the enzyme assays when the cells were assumed to be in the 
repressed and derepressed states for the = operon. It should be 
said that this criticism also applieS to the reports cited above. 
The control of a particular operon 'a state of transcription 
whether by the use of mutants defective in control (e.g. Henn and 
Dworkin 1971; Savic and Kanazir 1972) or by experimental manipulation 
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(Brock 1971 and this work) is highly specific. Although it is a 
somewhat circular argument, it is not unreasohable to suppose that 
If a difference is found in the induced mutation frequency when the 
oporon is believed to be repressed or dereprossed it is indeed the 
state of activity which is responsible for the difference in 
mutation frequency. 
One other chock on the interpretation that the difference 
In the mutability under the two regimes is due to the difference in 
gene activity would be to measure the induced mutation frequency at 
an unrelated locus when the trp operon was repressed and dereprossod. 
This control was carried out by Brock (1971) • Herman and Dworkin 
(1971) and Savic and Kanazir (1972). in no case was the mutability 
at such independent loci affected by the activity of the particular 
operon under study. 
This suggests that the increase in induced mutability in 
active oporons is a local one and is not mediated by a general 
change in cell metabolism. 
Why should EMS be more autagenic in active than repressed 
genes? It has already been mentioned that XS preferentially 
alkylates guanine at the H7 and adenine at the Ni positions. It 
In not unreasonable to suppose that the access of EMS to these sites 
is facilitated when the DNA is being transcribed and is temporarily 
in a single-stranded state • This may be especially true for the 
attack on adenine where the Ni atom is involved in hydrogen bedding. 
These bonds are broken during transcription because of the destabil-
ization of the helix. Although the guanine N7 atom is not involved 
In hydrogen bonding it will still be more exposed in the single- 
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than in the double-stranded configuration. 
if this hypothesis of differential accessibility of EMS to the 
target sites in DNA in the single- and double-stranded states is 
correct, then one can explain the increase in the induced mutation 
frequency in the active gene simply in terms of an increased prob-
ability of Ells inducing promutational lesions in DNA which is being 
transcribed. 
The causes for the difference in the ratio of enhancement of 
T3 and All is a matter of some conjecture. Herman and Dworkin 
(1971) found quite a range in the degree of enhancement amongst 
different framesbift mutants within the lac operon. indeed one 
of the alleles was induced to revert at lower frequency when the 
oporon was derepressed. They give no explanation for this variat-
ion in the behaviour. 
We know that All reverts by transversion but all that is known 
of T3 is that It is a base pair substitution. It may simply be 
that if 13 reverts by other than CG - P GC traniversion, that the 
class of mutation by which T3 reverts is more amenable to enhance-
ment by derepression during EMS nautagenesis. 
Incidentally it should be noted that for All the guanine is on 
the nonsense strand. Since guanine is much more amenable to EMS-
induced alkylation this indicates that the lesion need not be 
Induced on the transcribed strand for the effects of derepression 
on the reversion frequency to be felt. 
One other speculative reason for the greater ratio of increase 
in T3 than in All comes to mind. 
It has been known for some time that the = oporons of both 
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Salmonella (l3auerle and Margolin 1966 and 1967) and of E.coli 
(Morse and Yanotsky 1968) possess internal promoters which are not 
subject to the normal control mechanisms of the operon. This pro-
aoter, is located within the trpD structural gene (Jackson and 
Yanof sky 1972) which codes for phosphoribozyl anthranilate trans.. 
ferase, It initiates low level constitutive transcription at a 
rate about 306 the level of the dereprened operon 1 of the genes 
(C, 13 and A) which are opentor-distol to it. Thus unlike T3, 
which is situated proximal to the internal promoter, the All  mutant 
is never fully repressed and this may be reflected in the smaller 
ratio of increase in the EMS-induced reversion frequency on full 
dereprenion of All compared to T3. it is questionable whether 
this low level constitutive transcription of the All can be respon-
sible for the difference in behaviour of the two alleles which is 
much greater than 3% 
A survey of the literature concerning mutan specificity by 
ancillary factors acting on cellular processes reveals no example 
where the specificity can be attributed to differential trans-
criptional states at different bat during mutagenic treatment. 
However, the fact that the induced mutation frequency is higher 
in active genes may be turned to advantage if isolation of mutants 
at a particular locus is desired if the locus in question can be 
unilaterally derepressed during mutaganesis. If no selection 
system for the desired class of mutants exists then any means of 
increasing the proportion of these amongst the total mutant yield 
Is to the good. Thus it might be possible to increase the $ield 
of mutations which may be desired for mutation plant breeding or 
UI 
for obtaining strains of microorganisms with increased production 
of a particular metabolite through mutagenesis. 
This approach is in a way. reminiscent of the use of NTO on 
synchronous cultures of bacteria. This mutagen acts almost 
exclusively at the DNA replication fork (Cerdo-Olmedo ot *4. 1968) 
with the result that high specificity in the induction of mutants 
is obtained, the actual array depending on the position of the 
replication fork on the bacterial chromosome during mutagenosis 
(Hirot,a et al 1968) • there is in fact a case where a similar 
rationale has been put to use for obtaining higher specificities 
for EMS-induced mutations In barley (Natarajan and Shivasankar 
1965). 
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2. EFFECTS OF $4 ON THE PRWUCDZON OF MUTATIONS IN 74 BY NA 
The reason for wishing to determine whether the $1 of the NA 
treatment buffer had any effect on the specificity of NA mutagenesis 
in 74, and in particular on the production of deletions, stemmed 
from an apparent discrepancy in the literature. 
Tessian (1962) reported that NA induced deletions at the rIl 
locus and this agent has also been shown to induce deletions in 
E.coli (Beckwith, Signer and Epstein 1986). 
Koch and Drake (1970) 9 on the other hand, found no more 
deletions amongst their collection of NA-induced rh 'a than would 
have been expected on the basis of spontaneously arising ones. In 
addition inrer (1961) did not report any induction of deletions. 
An inspection of the protocols of Teesman and of Koch and 
Drake, reveals a number of differences. One such was the $4 during 
NA treatment; ç*I 3.7 by Teseman, $1 4.0 by Koch and Drake. 
At first eight this difference would seem to be a minor one. 
However the influence of pH on the potency of NA action has been 
demonstrated on several occasions. The rates of NA-induced 
desaination of cytosine and adenine increases some 90-fold as the 
PH of the treatment medium drops from 5.0 to 4.2. The rate of 
deamination of guanine increases by a smaller factor (35-fold) over 
the same drop in $1. In addition the rates of bacteriophage inac-
tivation and mutagenesis are also inveesely correlated with $1 
(Schuster lgGOa ardjbj Vielmetter and Schuster 1980a and bi Schuster and 
Vielaetter 1961). 
Another fact concerning the influence of $4 on the response of 
no 
bacteriophage to NA should be mentioned. it has already been said 
that NA can induce crosslinks in DNA (Oeiduscbek 1961; Hecker et al. 
1964). Burnotte and Verly (1071) assayed the numbers of crosslinks 
Induced by NA in bacteriophage TI DNA. They found that the lower 
the Ill of the buffer into which the treated DNA was diluted to stop 
the reaction, the higher the number of crosslinks generated, e.g. 
at $1 6.0, the mean number of croeslinks formed per DNA molecule was 
0.76. If the stopping buffer was at PH 10.0, a mean of 0.62 was 
obtained, it was deduced that the crossl.inks were produced after 
NA treatment, and in the model pot forward it was proposed that NA-
induced spurinic sites formed crosslinks due to hydrolysis of 
aldebyde-p-phOsphOdiester bonds and that this reaction is encouraged by 
R< ions.  This is analogous to the model proposed by Freese and 
Cashel (1964) to account for the induction of croaslinka in DNA by 
acid alone. 
The  t of the stopping buffer used by Koch and Drake was 8.0. 
teeaman gives no details of his method of terminating the NA treat-
ment. if he used buffer of S less than 8.0 it could be that more 
crosslinks were induced. If these lesions are responsible for the 
production of deletions it may be that a difference in the PH of the 
stopping buffer could have contributed to the lack of agreement 
between the two sets of workers. However the extent of the 
difference in the frequency of deletions is greater than could be 
accounted for on the basis of differential crosslinking at different 
stopping 5, even if Tessman used a buffer of pH as low as 6.0 to 
stop the reaction. 
72. 
Exterimeiltal 
As was mentioned In Materials and Methods it is necessary to 
work with a lysate with as low a frequency of £ mutants as possible 
if mutagenesis experiments are to be done. 
Accordingly five lysates of T4Lt were grown up and the incid-
ence of t mutants was assayed for each. See Table 10. The lysate 
with lowest r frequency (number 5) was risassayed using a larger 
number of plates so as to obtain a more accurate estimate. 8.2 x 
104 plaques were inspected, out of which I7 were r mutants, giving 
a frequency of 2.1  * l0. This is a suitably low frequency and all 
further work which entailed forward mutagenesis from e to z employed 
this stock. 
It should be noted that the titre and the spontaneous r fre-
quency was checked regularly throughout the course of this work. 
inactivation of T4 by NA at Different 01's 
T4r was treated with o.U& HaNG1 in acetate buffer at pH's 3.7, 
4.0 and 4.6. Samples were taken and assayed for survival, see 
Figure 4a. The differences in the rates of NA inactivation at the 
three pH's were dramatic. There was also an inactivating effect 
of acid alone which was quite marked at jEt 3.7 but only slight at 
cM 4.0. To account for the lethal effect of acid alone the data 
were replotted as the ratio of survivors after ra treatment over 
the survivors in the buffer alone. After this adjustment the 
lethality was still far greater when NA was given at jEt 3.7 than 
at pH 4.0. At pH 4.6, NA exhibited no lethal action after treat-
ment up to four minutes (Figure 4b). 
tBIZ 10. )ieasurement of Spontaneous t Frequencies in 74 Lysates 
Lysate 	Plaques Inspected 	No. of & 	plaques 	r Frequency 
1.7,d.O 	 25 	 1.5x10 3 
22,1O 	 19 	 8.6x1O' 
1.9x104 	 13 	 7. WO 
1.8,O.0 	 17 	 9.3xlO 
2.O1O 	 9 	 4.4x1O 
Figure 4a. 
Inactivation of P4 by NA at Different pH's 
Dotted Lines 	:- Buffer Alone 
Continuous tines :- NA in Buffer 
Triangles 	:- pH 4.6 
Cr05508 	 pH 4.0 
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Figure 4b. 
Inactivation of T4 by NA at Different pH's (Corrected 
for Inactivation by Buffer alone) 
For each time point and for each pH value, the ratio 
of survivors after treatment with NA to the survivors 
after treatment in bufferwas calculated and in the 
figure the ratios are expressed in percentages. The 
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The most likely explanation for the increase in lethality with 
decreasing 1I is that there is more NA at the lower fl's, the plC of 
NA being 3.37. This implies that it is molecular NA rather than 
the nitrite ion which is the inactivating, agent. 
It was however thought possible that the increase in lethality 
effected by NA at the lower pH's night be due to some sensitizing 
effect whereby acid facilitates the lethal action of NA. An experi-
ment was performed to test this idea. 
The method involved separation of the effects of fi and of NA. 
O.bal of a T4S  lysate was added to Stils of the solutiats 
designated "let Treatment" in Table 11 and kept there for the time 
indicated. A 0.1st sample was then taken and added to lOnils of the 
solutions in 112nd Treatment" • The gtage were finally diluted into 
broth to end the treatment and were assayed for survival. The 
rationale of the experiment can be illustrated by consideration of 
Treatment 6 (in Table 11). NA at $1 4.6 caused no killing after 
30 sacs (Treatment 9) • However it is possible that exposure to 
$1 3.6 acid prior to NA at ft 46 may sensitize the tage to NA 
killing. A comparison of the survivals after Treatments 5 and 0 
shows that this was not so. In both cases all the lethality can be 
accounted for by acid killing (compared to Treatment 7) • Similarly 
a comparison of the survival after Treatments 1 and 2 shows that 
exposure to 14k at $1 4.8 did not sensitize the phage to subsequent 
killing by acid along. 
It can therefore be concluded that there was either no sensit-
ization or else it was very transient and was immediately abolished 
on transfer to the new medium. 
ill 4.6+NA (30secs) 
jt 4.8 (30secs) 
iii 4.6.pNA (30secs) 
ill 4.6 (30eecs) 
lIt 3.7 (120secs) 
jt 317 (120eecs) 
it 3.7 (I200ecs) 
pH 4.6 (30secs) 
fl14.6+t4A (30secs) 
Stock Lysate 
j1 3,7 (120secs) 
pH 3.7 (izOsecs) 
it 4.8 (I20secs) 
pH 4.6 (120sece) 
LII 4.6 (30secs) 

































Treatment 10 was used as control. 
74. 
Mutagenesis of T4f by NA at iii 3.7 and it 4.0 
lbcau.e of the requirement of plating an optimum number Of 
pf u/plato (about 1000) in a large-scale forward mutation experiment 
it was necessary to estimate the surviving fraction accurately be-
fore plating. This was especially relevant in the case of the NA 
treatment at it 3.7, where the steepness of the killing curve meant 
that the margin of error was extremely nail. 
The protocol for the forward mutation experiment was given in 
Materials and Methods and it involved storage of treated p1mgo 
overnight at 40C. For this to be tenable it had to be shown that 
NA-treated phage did not lose titre on storage nor did the frequency 
of £ mutants change. To this end the phage were treated with NA 
at jIl's 3.7, 4.0 and 4.6 and were plated either immediately or after 
periods of storage in cold broth and were assayed for survival and 
for the incidence of .t  plaques. Table 12 shows that neither 
parameter changed with storage. 
The mutation experiment was then carried out. The phage were 
treated with OiM a at jIl 3.7 (for 15 secs) and at p1! 4.0 (for 
4.5 minutes) which resulted in phage survivals of 0.85% and 1.25% 
respectively. The phage were plated against Z.coli a and inspected 
for t plaques (see Table 13a). 
it should be noted that the survival was slightly lower after 
NA treatment at rE 3.6 than at 9! 4.0 and this my be contributory 
to the slightly higher induced L frequency obtained at the lower p11. 
The r mutants were picked and purified and were then streaked 
onto E.coli W$80 to allocate them into genotypes. See Table lab. 
For both sets of the untreated controls, the ratio of ri;rfl 
TABLE 12, Effect of Stoma on N-txeatod '24 
(a) Survival (pfufml) 
Treatment 
fl1 3.7 (30secs) 
rfl 3.7 + NA (30aocs) 
j*I 4.0 (tins) 
IV 4,0 + NA (4mm.). 
gil 4.6 (lommns) 
0! 4;6 + N& (lomina) 




2.0x105  1.9xlO 2.Ox10 
4.0jO.0 40xl0 4.0xl0 
7.9*106 9.0xlO 7.7io6 
5.2*108 4.9xl0 4.7x10 
5,2*108 5.0*108 5.2*108 
(b) Mtation to 
plaques 
Treatment Inspected No.of £ £ Frequency 
(including time of storage) (xl0) 'Plaques (xlr4) 
pit 3.7 1,4 3 2.1 
6.8 66. 9.7 
gil 3.7:- stored 24 bra. 3.2 9 2.8 
yM 3.7 + NA:- stored 24 hrs. 3.5 30 8.8 
014.0 2.5 4 1.6 
pit 4.0+NA 6.0 36 6.0 
1 4.0;.- stored 24 hrs. 2.7 5 1.8 
{ 4.0 + NA:- stored 24 hrs. 5.8 50 8.6 
$1 4.6 3.8 8 2.2 
fl!4.6+•NA . 3.6 8 2.2 
flI 4.6:- stored 24 bra. 5.0 16 3.2 
01 4.6 + NA;- stored 24 bra. 3.9 14 3.6 
TAilS 12. NA Mutagenesis of P4 at iii 3.7 and it 
Isolation of r Mutants 
Treatment Plaques inspected j Mutants z Frequency (xlO') 
I1 3.7 8,0x104 10 2.4 
jil 3.7 + NA 1.3x105 245 19.1 
jil 4.0 3.4x105 69. 2.0 
$1 4.0 + NA 1.5x105 180 12.0 
Classification of r' $ into Genotypes 
Treatment *1 
No's 
j*13.7. 5 38.5 
ç113.7+ra 110 54.9 
fli 4.0 10 17.2 
i214.O+M 60 40.0 
ru I 
No's No's 
61.5 1 7.7 
60 32.0 27 13.1 
43 74.1 5 8.6 
69 46.0 21 14.0 
•c) Reversion Analysis of Ml Mutants 
- Class of Reversion Treatnent 
ft 3.7 fl tO 	*l 3.7 	Nk 91 4.0 + 
No's7. No's % 	No 1 s % No 1 s 
No Reversion 	0 	- 3 7.0 11 16.7 8 1118 
fligh Preqponcy 0 - 2 4.6 	7 10.6 14 20.0 
spontaneous Only 	8 	100 36 83.7 14 21.2 18 26.5 
with 2,&P 	 0 -. ,1 2.3 	23 34.8 19 27.9 
with 5-M 0 	. 0 - 	4 6.1 7 10.3 
WitliZ-AP.&5-W 	0 - 1 2.3 7 10.6 2 2.9 
• of Deletions 
it) Prequencisa of rfl Deletions Total Pba 	Inspection 
Treatment Deletion Prequencjy 
flI 3.7 <1.3x101 
• 	 $1 3.7 5.2x1O 
pH 4.0 c2.9x10 
111 4.0 .HNA 6.Oxl0 
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was in accord with Drake (1970); is. an q,oss of rU's. it has 
been mentioned that transition-inducing mutagens favour the pro-
duction of We more than fl's. This as true for NA at 5 3.6 
but at 5 4.0 the ratio of 1/rli was slightly less than witty. 
This anomalous result was checked by performing another mutant 
isolation experiment. The analysis of the mutants induced was 
taken only as tarn the classification into genotypes. Tables 
145 and b stun the results of this experiment. It can be seen that 
the ri,11 ratios of P4k-induced mutants was close to 2 at both 
pH's. The reason for the difference between this experiment and 
the previous one is not known. 
Although Tesaman (1962) did not analyse his ru 'a other than 
clanifying and measuring the extent of the deletions, it was 
thought possible that if the difference in 5 was responsible for 
the differential recovery of NA-induced deletion., then other changes 
in mutational specificity sight be observed. 
Accordin1y all the fi mutants isolated from the first mute-
genesis experiment were subjected to reversion analysts and they 
were mapped within the rII locus. 
Table 130 gives the results of the reversion analysis. It can 
In seen that the proportions of transitions (is. those that nspondd 
to base analflues in spot-tests) was much greater amongst the NA-
induced ni's than amongst those of spontaneous origin. Also the 
fraction of presumed deletions (ie. those that failed to give any 
revertants) was higher in the induced nt s than in the spontaneous 
ones, whether mutagenesis was carried out at ill 3.7 or 5 4.0. 
The ni mutants were mapped within the ft locus. Figure Os 
TABLE 14. 	Mutagenesis of T4 at iii 3.7 and :r*I 4.0 
a) Isolation of £ ?&itants 
Treatnent Plaques inspected £ Ustants z Frequency (xlO'4 ) 
i 	3.7 3.0x105 75 2.5 
iS 3.7 +NA 4.7x104 89 19.1 
1 4.0 5.6x,0
4 14 2.5 
$1 4.0 + NA 1.2x105 198 17.0 
NA treatment was for 15 goes. at $1 3.7 and for 4.5 mina. at $1 4.0, 
The survival levels were Z.8% and 2.116  rqspoctively. 
b) Classification of r's into Genotypes 
Treatment ri ru nIl 
No's Note Ta No's 
$13.7. 26 34.7 47 62.7 2 2.7 
$1 3.7 +NA 54 61,4 29 33.0 5 5 06 
$14.0 8 57.1 6 42.9 0 - 
fl14.O+tt% 120 61.2 71 36.2 5 2.6 
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Illustrates the NA-induced vIZ spectra of point mutants. The 
spectra are based on comparatively few numbers of mutants and hence 
there are to be expected some differences between them due to 
sampling. Itaver comparison of the spectra shows no marked 
differences between the two nor between tin and the NA-induced 
spectrum given by Ibnar (1961). 
Turning to the deletions, S total of nine unambiguous (on the 
harts of the criteria given in the Materials and Methods) deletions 
were induced by NA at pa 4.0 and five at ft 3.7. No vii's induced 
by NA at ft 4.0 and both gapping within the Ala region were never 
seen to revert but could not be rigouroufly shown to be diôettons, 
since I did not possess two point mutants in the appropriate region. 
The frequencies of deletions are given in table 134 and their 
dimensions in Figure Sb. At both f10 the frequency of nIl 
deletions was enhanced after NA treatment in agreement with Thasman 
rather than Koch and Drake. The actual frequencies of induced 
deletions were slightly lower than the value reported by teseman. 
As was the case for lbssnn, the majority of the deletions extended 
to the right of the vi 113 cietron. The reason for this may be that 
the lottie immediately adjacent to the rhO cistron is entirely 
dispensable (Dove 1968; Sederoff at Al. 1971) • The region appears 
to have 4 minor role in DNA breakdown (Bruner at al. 1972; Souther 
et at. 1972). If however mutations in the locus to the left of 
the A cistron are lethal then automatically theft will be a bits in 
favour of de]atials entering the vii cistron from the right. 
Unfortunately the nature of the locus adjacent to the rIIA cistron 
is not known. 
Figure 5a. 
Each line represents a region of the rII locus (tee Fig.1 
for actual position of each region). The designation 
or each region is given below each line. Each number 
represents a site and the value of the number indicates 
the number of independently-arising mutants at each site.. 
Within any one region the sites are not placed in order. 
The numbers above the linen:— Induced by NA at pH 3.7 
The numbers below the lines:— Induced by NA at pH 4.0 
If mutants isolated at pH 3.7 and pH 4.0 mapped at the 
same sites this is indicated by the numbers above and 
below the line being aligned. 
The figures in brackets above the line represent the 
codes of the known hctspots (See Strains in Materials 
and Methods). Where the figure in brackets is aligned 
with one of the sites found in this work s this means 
that no recombination between that site and the known 
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6 	8 
This represents the AGo region and shown that 6r11 mutants 
induced by NA at pH 3.7 were found to coincide with 
r11106 site of Benzer and that 8rII'e induced at pH 4.0 
mapped at the r11131 site. At another single site 4 rfl 
mutants induced at pH 3.7 and 6 riPs at pH 4.0 were 
found to be coincident and a still further site was rep-
resented by a solitary i'll induced by NA at pH 3.7. 
This example is a hypothetical one chosen merely to 
illustrate the rationale of the figure. 
Figure 5a. 
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Figure 5bj 
Representation of the Dimensions of rII Deletions 
Induced by BA at pH 3.7 and at pH 4.0 
The sequence of subregions of the rjI locus which could 
be obtained by deletion mapping with my collection of 
known deletions mutants is shown in the middle of the 
figure. 
Above and below this representation of the locus the lines 
delineate the extent of the deletions induced by NA. 
Above :- Deletions induced with NA at pH 37 
Below :- Deletions induced with NA at p11 4.0. 
Al Al l Al A2 A2 A2 AZ A3 	A3 A4 	A4 A4 A5 A5 A5 	A5 	AG AG AG AG Hi B2 B3 Si P5 PG B7 PS 89a 89b 






The results point to the fact that the NA-induced spectrum of 
£mutantsis not influenced by the fli of the treatment over the 
range measured here and so the anomaly between Tessnn's results 
and that of Koch and Drake remains. If anything the protocol used 
in this work was more similar to that used by Drake, is. NaNO2 rather 
than KNO2 and * higher concentration of nitrite, One difference 
bet'seen the protocol of Koch and Drake and of this work is that the 
T4 treated with ta already carried a leaky rII mutation. However 
this no probably not responsible for the failure of Koch and Drake 
to induce deletions with NA since even in normal T4 strains no 
deletions were induced (Drake; pars. comm.). It is of course 
possible that the difference in the two sets of work is duo to T4 
strain differences though there is no evidence for this. 
It should be said that in subsequent work in which NA was used 
as a rautagen, deletions were again found to be induced. (See 
Chapters 3 and 5 of Results)- 
78. 
3. EFFECT OF P-FIA1ORORlE,NY.4IANlNE ON INDUCED MUTATION IN 'N 
PFM is a structural analogue of PA, and the choice of this 
agent as an ancillary treatment was prompted by two reports, one of 
which showed that it was mutagenic in UstilaRo (Lewis and tarrant 
1971) and the other that it could hasten the onset of ageing in 
Neurospora (Lewis and Holliday 1970) • These findings were inter-
preted by the authors as being due to the incorporation of Wffi into 
enzymes, with a resultant loss of catalytic specificity, if such 
lack of accuracy affected proteins in the translational machinery 
this could cause a more rapid onset of the error catastrophe pro-
posed by Orgel (1963) to account for ageing. Similarly it was 
suggested that PFFA incorporation into such enzymes  as DNA polyiaeraee 
could result in loss of fidelity of the enzyme causing an increase 
in mutation frequencies. Certainly genetic alteration of DNA 
polymeraso can affect mutation rates (Speyer, Karen and Lenny 1969; 
Drake et al. 1969). 
In addition Kilbey (unpublished results) has found that in the 
V.3/17 strain of Neurospora, the UV-Induced reversion frequency of 
the adenine allele was depressed some two-fold if the spores had 
been pregrown with Wffi present. The inositol allele however was 
Induced to revert by Liv at a higher rate after pregrowtb with the 
analogue. The reason for the differential effect at the two loci 
has no explanation, nor has the fact that Kilbey found no mutagenic 
effect of PFPA alone, in contrast to the findings on Ustilao 
mentioned above. 
Another amino acid analogue, canavanine, had been shown to 
79.. 
enhance EMS-induced mutation rates in barley (IChalatar at al.. 1971). 
There is a certain irony attached to the findings of mutagenic 
and co-eutagenic properties of amino acid analogues since Auerbach 
has reminisced that prior to the demonstrations of DNA as the 
genetic material, such compounds were considered as potential 
wutagens, the rationale being based on the concept of the protein-
aceous gene. Thus amino acid analogues might be expected to change 
the structure and specificity of the gene; in other words, mutatton.. 
Plus on change ...1 	 - 
Summaries of the range, of biological effects of amino acid 
analogues in microorganisms are given by Richmond (1962) and a 
catalogue of such agents is to be found in Richmond (1969). Some 
of the specific effects of PFPA will now be given.. 
It slows down the rate of protein synthesis and the general rate 
of E.coli growth (Cohen and Munier 1959) and also increases the rate 
of protein turnover (Cohen et ml. 1958). The presence of exogenous 
Bk relieves the inhibition on growth rate imposed by WB% showing 
that PPM is a biological as well as a chemical analogue of 1W. 
PFPA Is accepted by phe-tata at a rate about 10% that of Bk 
(Nieman and Hirsch 1958). The analogue can replace up to 75% of 
PA residues in proteins of E.coli (Munier 1959; Munier and Cohen 
1959) the replacement probably being at random throughout the popu-
lation of proteins (Cowie at al 1959). 
One well-known property of VIM is its ability to haploidize 
a variety of diploid fungi and it is routinely used for this 
purpose. (those 1961 arrl 1968; Da Cunha 1970; Day and Jones 1968, 
1169 axJlQfl). Haploid cells of higher plants have been shown to be 
80. 
at a selective advantage in the presence of PFM (Gupta and Carlson 
1972). The mechanisms involved in these phenomena are not known. 
In the bacteriophage 1482, PPPA decreased the infectivity of 
the RNA of phage which had been grown in its presence and this was 
interpreted as being due to the incorporation of the PPM into an 
enzyme such as RNA rep1icaa with a resultalat increase in the fre- 
quency with which errors are produced in the genetic material of the 
phage (Abdel-flady and Leach 1972). This is of course analogous to 
the interpretation of Lewis and Tarrant (1971) to account for their 
results. 
PPM was used in conjunction with two mutagens, 5-13U and NA. 
1. 5-RU Mutagenesis 
The preliminary experiments were designed to determine the 
appropriate concentration of PFR% to be used for subsequent work. 
Both Lewis and Tarrant (1971) and Kilbey (per., comm.) used concen-
trations of the analogue which cut growth rate by 501. These were 
1.0 and 8.0mWl respectively. The difference may be due to differ-
ential sensitivity of the two species or to the constitution of the 
growth media. 
(a) Effects of PFM on Growth of E.coli B in SUM 
Since 5-MI was to be used as a mutagen, $11 was present in the 
growth medium of the E.coli prior to and during the nutagenic 
treatment. Su is an analogue of MM, a cofactor required for the 
synthesis of folate, which in turn is needed for methylation of many 
compounds, one of which is a precursor of thymine (Friedkin and 
Kornberg 1957). SU inhibits de noyo synthesis of thymine, resulting 
81. 
in increased incorporation of 5-lW into DNA and thus 5-fl) mutagenesis 
is encouraged. 
An overnight culture of E.colt B was diluted into aliquots of 
SUM containing PPM at various concentrations. The controls were 
either unsupplemented SUM, or SUM with PA added at the same concen-
tration as the analogue. The cultures were aerated at 37 0C and 
samples were taken at intervals and plated to estimate the viable 
cell count. 
From Figure 6 it can be seen that PPM at all concentrations 
used had a marked inhibitory effect on the bacterial growth rate. 
The kinetics of the growth curves of the analogue-treated cuiturs 
were closer to linear, in contrast to the more exponential growth 
In the control. This was in agreement with the findings of Cohen 
and Munier (1959) and Munier and Cohen (1956 and 1959). 
The concentration chosen for further work was 300mg1i as this 
caused a 50% reduction in the viable cell number at the end of the 
growth period compared to the control. Cohen and Mwiier (1959) 
used a concentration of lOOmg.'l but comparisons are not really valid 
since the media used by these workers was quite different from SUM. 
It should be noted that PA at all concentrations tested had 
no effect on the growth rate compared to the unsupp]eraented culture. 
(b) Effects of PPM on Plaque Formation of t4 
Since it was intended to plate 3-BU-mutagenized phage on plates 
containing PFM, it was necessary to determine tether the presence 
of the analogue in the plates affected e.o.p. or plaque morphology. 
A mixture of T4r 1 and P4HZ 1272 in approximately equal propor- 
tions was added to cultures of S.coli B grown in SUM in the presence 
Elgure 7. 
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One—Step Growth Experiment with T4 in SUM in the Presence 
or Absence of PFFA at 300mg/i 
S,ymbola:— 	Filled Symbols - Lysed Prematurely with CUd 3 
Open Symbols - Plated Directly 
Circles 	- PFPA present 
Triabgles 	- PIPA absent 
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or absence of PPPA at 300mg/i. After 15 minutes samples from each 
aliquot were plated out. Where the bacterial growth medium had 
contained WM the analogue was also present in the soft agar at 
300mg/i. After incubation, it was found that the absolute frequen-
cies of it  and z plaques were the same whether PPPA was present or 
not and thug such a concentration of WM would seem to be approp-
riate in that it had a marked effect on E.coli growth but did not 
interfere with e.o.p. or TI plaque morphology. 
(c) Effect of PPM on One-Step Growth of 14 
Since 5-it has to be administered to phage while they are 
growing intracellularly it was necessary to determine if PPM had 
any effects on phage growth within PPM-grown Ecoli. To do this, 
a one-step growth experiment was performed. 
T4rt was added at law m.o. 1. cTh in the presence of cyanide 
to cultures of E.coli S which had been grown in SUM in the presence 
or absence of PPM at 300mg/i. The complicos were diluted into 
fresh warm SUM supplemented with PPM in the case of the aliquot in 
which the bacteria were grown in the presence of the analogue, and 
samples were taken at intervals which were either plated directly 
or after premature lysis. The plating bacteria were grown in the 
absence of PPM and the soft agar was unsupplewonted. 
Figure 7 shows the results of this experiment. For both 
treatments the burst size was low compared to that typical of 14 
grown in normal medium (see Table 18). The reason for this is the 
presence of SU which as has been said inhibits thymine and hence 
DNA synthesis. in addition tetrahydrofolate, whose synthesis is 
also inhibited by SU, is used as a cofactor for a T- even phage- 
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Figure 6. 
Effect of FPVA on Growth Rate of E.coui B in SW.! 
The concentrations of PFPA in the different growth media 
are shown in the figure. 
directed enzyme  which methylates deoxycytidylic acid (FIMs and 
Cohen 1957) to form 5-bydroxymethylcytidylic acid which is found in 
T4 DNA rather than cytidylic acid. Thus SU inhibits T4 DNA syn-
thesis in two ways. 
Denier and Prone (1958) reported a burst aim of about 1 in 
SUtI which is some tenfold lower than the value I obtained in the 
absence of PPM. This may be due to the fact that they plated out 
30 minutes after the start of infection, it can be seen from 
Figure 7 that lysis in SUM did not occur until 40 minutes had elapsed. 
Thus Jbnzer and Freese may well have based their estimate on the 
number of infective centres rather than the progeny of a burst. 
It can be seen from Figure 7 that the presence of PPM almost. 
doubled the burst size. In a further similar experiment the burst 
size was measured in SUM in the presence and absence of 1W. No 
difference was found, the respective burst sins being 11.3 and 12.8. 
Thus the increase caused by PPM is not due simply to a general 
effect caused by a high concentration of amino acid. The length 
of the latent period and the efficiency of adsorbtion was not affe-
cted by the presence of PPM. 
The fact that an agent which inhibited the metabolism of the 
bacteria actually enhanced the burst site of the itage was an unex-
pected result and will be discussed later. 
Nevertheless, the fact that PPM did not drastically interfere 
with phage development meant that 5-BU mutagene.ia could be feasible. 
(d) 5-0)-Induced Forward Mutation in the Presence of PPM 
Cultures of E.coii B were grown up in SUM and in SUM supple-
mented with 1% or PPM. The cells in each culture were adjusted 
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to equal cell density so as to normalize the m.o.i.. The experi-
ment was then performed as described in the Materials and Methods, 
with WM or M being present throughout the course of the mutaaenic 
treatment. Three independent estimates (a, b & c in Table 15) 
were made for each treatment. Where appropriate the growth media 
of the plating bacteria and the top agar contained M or PFM • both 
at 300mg/i.. 
In Table 15 it can be seen that although PPM had no effect on 
the spontaneous mutation frequency compared to either of the control 
treatments, it reduced the 8-flu-induced z frequency some six-fold 
compared to the treatments where the SUM was unsupplemented or when 
PA was present. 
It was decided to. we whether the inhibitory effect of PITA on 
5-mi-induced forward mutation frequencies also occurred for reverse 
mutagenasie. 
(5) 5-ML-Induced Reversion of Two T4r11 Ikitants in the Presence of 
PPM 
Two T4r11 mutants (coded LI and 1.5) which had been induced with 
NA and which had been shown by reversion spot-tests to be 5-BV-
revertible were chosen. Lysatos of each mutant were grown and 
tested for spontaneous reversion freqponcy, and the lysate of each 
mutant with the lowest incidence of revertants was chosen for further 
study. 
In .eerflnto treatments, the nt phage from each strain were 
used to infect, in the presence or absence of 5-01, E.coli grown in 
SUM, SUM + PA or SUM + PPXW, the E.coli ln.eacb culture having been 
adJ usted to the same cell densities. The experiment was then done 
1BU3 :15* Induction of £ Mutants by 5-&J in SUM in the Presence 




SUM + SEW 
SUM j. PFM 
SUM * 5J + PPM 
SUM + PA 
BUS +,53J +fl4 
Aliquot No# of z ?txtants Mutation Index 
(xlCr4 ) 
a 29 2.3 
b 23. 2.5 
c 53 2.9 
a 	. . 	136 48.1 
b 124 415 
C 158 	, 54.0 
a U 2.2 
b 17 2.4 
C ' 	15 2.1 
a. 16 8.6 
b 2]. 8.1 
c 19 	• 9.3 
a 31 2.4 
b 38 3.0 
c 45 2.6 
a 341 ' 	47.1 
b 306 86.2 
C 127 37.5 
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as described in Materials and Uethods, Three estimates of the 
reversion frequency after each treatment were made. There was 
good agreement tot the estimates within each group and Table 16 
gives the mean reversion index of the three values. 
The results show that PFFA, though not mutagenic by Itself, did 
depress the 5-BU-induced reversion indices of both rIl mutants by a 
factor of about ten, compared to the other two treatments. 
The fact that PFM inhibited both 5-13U-induced forward and 
reverse Dutagnnesis is good evidence against the effect of PF1 
being due to differential .election of r genotypes under the con-
ditions used in S-RI mutagenesis. 
Timing of the Effects of PPM on 5-BU Induced Reversion 
Since in all the experiments, PPM was present both in the 
growth media of the host bacteria, and during the actual mutagunic 
treatment, it is reasonable to ask which of the two components is 
responsible for the depression of 5-flU mutagenesis. It could be 
that the presence of free PPM during niutagenic treatment Is respon-
sible or else the physiology of the host way be altered by growth in 
the presence of the analogue such that 5-BU I. rendered a less effec-
tive tutagen. 
In an attempt to resolve these possibilities the two components 
were separated. This was done by growing E.coii B in SUM either in 
the presence of M or PPM. After 3.5 hour's growth the cells 
were washed so as to remove free R% or PPPA. Each culture was split 
into two, one aliquot being suspended in fresh SUM + a and the other 
In SUM + PPM. Where appropriate, 5-W was added to aliquots of 
each of these tour cultures and T4rIILS was added at low r.o.i. to 
TABLE 16. 5-BU-Induced Reversion of T4 rEt's Li and L5 in SUM 
in the Presence of PFPA or of PA 
Treatment Mean Reversion 
STRAIN 	 Medium £ Revertants Index 
HiLl 	SUM 27 5.3x10 6 
SUM + 5J 2216 4.7x10 
SUM + PA 17 3.2x10' 6 
SUM + p + 503 2041 4.9x10 
SUM + PEPA 37 8.3x10 
SUM + PPM + 5111 176 4.0x10 5 
rIIL5 	SUM 7 3.5x10
-7 




SUM + PA + 503 3233 7.7xl0 
SUM + pPM 10 3.lxlO 7 
5J)J + PFPA + 533 246 5.9x105 
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all cultures and the reversion indices were measured in the usual 
way. Three independent estimates for each treatment were made 
and Table 17 Shows the mean reversion index of the three. Where 
the post-washing medium contained PPM, so too did the plating agars 
and the growth mcdl's of the plating bacteria. In Table 17, 
treatments 1., 2., 7t3?$. were analogous to the original experiments 
in that the media were constant throughout the experiment. Again 
PPM can be seen. to have decreased the nutagenicity or s-su. A 
study of the reversion indices where the media were different for 
the E.coli growth and the rautagenic treatments shows that the major 
component of its depressing effect on 5-BU mutageneais was exerted 
by its presence in the bacterial growth medium rather than in the 
autagenesis medium. The slight decrease in 5-flu-induced reversion 
frequency when PPM was present only during and after mutagenesis 
(Se. Treatment 3) indicates that a minor component of the inhibition 
may be due to the presence of. the free analogue during infection. 
A general explanation to account for the facts that WM 
depressed 5-MI mutagenesis and enhanced T4 burst size is that it in 
some way relieves the inhibitory effects of SU. Such a relief 
would result in enhanced de-no synthesis of folate and hence of 
Dtt. If thymine were present in higher concentrations, then S-IRS 
incorporation into DNA would be discouraged., The increased burst 
size could also be accounted for if folate starvation wore not so 
acute in the presence of PPM. 
This hypothesis was investigated in two ways. The experiments 
were repeated using WI instead of SUM and In addition a different 
antagonist of .folate was used instead of SU. 	 . .. - 
TABLE it Estimation of the Timing of the Inhibitory Effect of 
PFM on 5-BU-Induced Reversion of T4 rIIL5 
Treatment 	E.coii Growth 	Infection 	+ 	 Reversion 
Code Medium 	 Medium £ Revertants 	Index 
 SUM VA SUM1PA5IIJ 4263 6.4x1O 
 it SULflM 144 2.4x10' 7 
 It SUM+PFM+58U 2983 4.7x1%f 4 
 It SUM+ppm 185 2.9x1& 7 
 SUM4PFM surPA513U 	- 1284 1. 1x101 
6, 1 SUMM 52 4.3x10 7 
 SUM+1PFM+58U 541 8.2x1O' 
 SUM4WM 85 1.3x10 
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Effects of PFIM in Minimal Medium 
Effect of PEPA an Growth of E.coli B in MU 
A culture of E.coli B was diluted into Wit with or without PEPA 
at 300mg1I. The cultures were aerated at 37 °C and samples were 
taken and plated. Figure 8 shows the results. PFPA had a more 
marked effect on the growth rate in MM than in SUM in that the 
viable cell density at the end of 4.0 hours growth was about 25% 
that of the control in MM than in SUM. The growth rate of the 
culture with P$'PA present was similar whether the medium was MM or 
SUM. 
Effect of WPA on T4 One-Step Growth in MM 
The experiment was performed as describedi before, and was done 
using both T4f and T4r111372. E.coli B was grown up in SUM or MM 
either in the presence or absence of PFB% at 300mg/l. In addition 
the effects of 5-J on the burst sizes was measured by adding the 
base analogue (0.05mg/wi].) to some of the aliquots during the 
infection. 
Figure 9 shows only the effect of PEPA in MM on the one-step 
growth parameters of T4(. The results for r111272 were essential-
ly the same as the wild type. Table 18 shows the mean (of two 
experimetts) burst size of both T41t and T4r11]272 when grown in 
the various media. 
The results show that in the absence of SU, WM, far from 
enhancing the thirst size, reduced it to some 25% that of the control. 
Analogous to the results of the bacterial growth experiments, this 
diflerence could be attributed to a marked increase in the burst 
size of the control when SU was omitted whereas the size of the 
Figure 8. 
Effect of !A (300m&'1) on Growth Rate of E.coli B 
in MN 
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Figure 9. 
One—Step Growth Experiment with 14 in fll in the Presence 
or Absence of FF?A at 300mw'l 
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TABLE 18. Comparison of the Effects of ppm on Mean T4 Burst Size 
In the Presence and Absence of SI! and In the Presence 
and Absence of 5-33 
Growth Medium Mean Burst Size 
+ 
T4r T4r111272 
SUU 12.6 10.5 
S'JM5BU 10.5 11.6 
sUwPpm 23.5 24.3 
SWInBU+PFM 23.5 24.3 
MA 122.1 92.0 
}JM5BV 126.3 90.6 
20.6 23.5 
MM+5BU+PFffi 28.6 21.9 
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burst in the presence of PFPA was very much the same in MM and SUM. 
In none of the growth conditions did the presence of 5-BU have 
any significant effect on burst size. 
(c) Effect of WPA on 5-33-Induced Reversion of T4r11 U in MM 
The experiment was performed in the same way as described 
before except that StY was omitted from one of the treatment media. 
Table 19 gives the mean (of three estimates) reversion indices of 
14 after the different treatments. 
As was to be expected, In the absence of SU, 5-31 mutagenesis 
was depressed but was nevertheless quite strongly mutagenic. It 
is clear haver that when 5-W was administered in MM, PFJW had no 
effect on the induced reversion index, in contrast to the situation 
when SUM was used as the treatment medium. 
The findings that In MM, comrard to the controls,PFFA had a 
more inhibitory effect on E.coli growth, depressed the size of the 
burst, and had no effect on 5-au mutagenesis supports the notion 
that PFFA can indeed reMeve the inhibition which is imposed by SU 
on bacteria and phage and that this relief can mask the general 
inhibitory action of WM. 
It is pertinent to ask whether this postulated relief by WB 
was specific to SU inhibition, or whether it was a more general 
phenomenon such that WM could relieve blocks imposed by other drugs 
at other points in the foists biosynthetic pathway. 
To this end the experiments concerning the effects of wa on 
growth rate of E.coli, 14-butet size and 5-W mut*genesie were 
done, using the drug TM (2,4-diamino-5(2 14 1 5'trimethcxybenzyl)-
pyrimidine) rather than 511. 
TARLE_1Q. Effect of PFIML on 5-BU-Induced Reversion Frequency 
of T4 rll L5 in the Presence and Absence of EU 
Mean Reversion 
Growth 11ad1um r 	 Revertants Index 





SUM -IPPIW 82 7.5xlO 7 
SUM 45W 1391 4. 5x1O 
SUM453J4PFM 315 7.7x105 
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Effects of WB% in the Presence of TM 
TM is a potent inhibitor of dihydvof slate reductase in bacteria 
(Burchall and Ritchings 1985) and this inhibition results in a 
depletion of tetrahydrofolate (Bertino and Stacey 1960; Wilson, 
Farmer and Rothman 1986) with a consequent depletion of synthesized 
thynthe. 1V also has been shown to inhibit RNA (Then and Angebra 
1972) and protein synthesis (Dale and Greenberg 1972) but both 
these Inhibitions are less than that imposed by N on DM synthesis, 
which is pvobably caused by thymine starvation (Dale and Greenberg 
1972) rather than by the more indirect method mediated by the 
inhibition of protein synthesis proposed by Eisenstadt .and Langyel 
(1066). 
(a) Effect of WM on Growth of E.coli Bin UN 
The extent of the inhibition caused by N on bacterial growth 
rate has been shown to depend on the constitution of the growth 
medium (Bushby and Kitchings 1968) • In particular, the exogenous 
addition of endproducts of foists metabolism, such as certain amino 
acids, jurines and pyrimidines, were found to relieve the inhibition. 
Accordingly it was necessary to estimate the concentration of 
N in the MA used here which would inhibit E.coli growth to the same 
extent as SU before going on further to measure the effects of PFM 
in NM. 
E.coli B was diluted into MA to which lU had been added at 
different concentrations. The cultures were grown up and sampled. 
It was found that Ut at 0.1mg/i Inhibited E.coli growth to about 
the same extent as did SD in the earlier experiments (see Figure to). 
Concentrations of Ut greater than 0.2mWl were found to be bacterto- 
Figure tO. 
Effect of TM on Growth Rate of E.co].i B in M14 
The concentrations of TM in the different growth media 
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cidal. 
Having chosen 0.3mg/i as the appropriate concentration of TM 
the effect of adding PPm (300mg/1) to this medium on E.coli B 
growth rate was estimated. This was done in the usual way, and the 
E.coii viable cell densities  after 3.5 hours growth in the various 
media are given, in Table 20. 
In ThM, the presence of PPM at 300mg/1 reduced the final 
viable titre to about 25% the value in the TM alone. This is a 
similar reduction to that found when wm was used in MM and compares 
with the 50% reduction found in SUM. 
(1,) Effects of PPM on 14 One-Step Growth in ThU 
The experiment was performed as Already described. E.coli B 
was grown in IAI O 1MM (IV at 0.1mg/I) and NJ + P11W. The cultures 
were equtlized for cell density and were each infected with It t . 
Figure 11 shows the growth curves obtained for the three growth 
conditions. The mean burst sizes of 14 in the presence of MM, 
TUN and 1MM t PPM were 168.4, 43.5, and 15.6 respectively. The 
presence of WR\ therefore reduced the burst size some 60-70% in 
the 1MM in contrast to the enhancement of burst size in SUM caused 
by PPB. IV itself reduced the burst size to about 25% of the 
value found in 1W. This reduction was not as great as that caused 
by 8(1 in a physiologically equivalent concentration (as determined 
by the inhibition of E.coli 13 growth). 
Why this difference exists <-i  - ,,.t ciea~r, fl has in fact been 
shown that E.coli treated with TM at quite high levels can still 
support phage growth (Miovic and Piar 196$) but the media in that 
study and in this one were quite different. 
ThUZE 20, Effects of WR\ on the Growth of E.coll In the Presence 
and Absence of TM ( 0 .IngJj) 
Viable calls/ml 
Growth MOdIS 	 After 3.5 flours Growth 
BW 8.8x108 
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Effects of PFM on .5-RI-Induced Jtverpion of t4r11 14 in NM 
Aminopterin, another folate antagonist which acts in a very 
similar fashion to TM (but is a great deal more expensive) has been 
found to enhance base analogue inutagenesis (Freese 1959*) for reasons 
analogous to those proposed for the increase in mutagenesis caused 
by SU. In the light of the similarities between N and amSnopterin 
it is not unreasonable to suppose that TM should also enhance 5.4W 
mutagenesls. 
The estimation of the ef1ect of IV on 5-13U mutagonesis was tbue 
using T4r11 14 in reversion studios. The protocol was as already 
described for reversion experiments except that N (0.1mg/1) was 
used instead of SU. In addition, the effects of PPM on 5-BU 
niutageneste in NM and its MM were measured in the usual way. 
ThbJ$e 21 shows the reversion indices of 'Nt!! 14 under the various 
conditions. (Mean of three estimates.) 	The presence of IV 
enhanced the induced reversion index about ten-fold compared to 
when 5-NJ was used in MM. This compares with the approximately 
forty-fold increase when SLY was used as a foiate antagonist. It 
can be seen that PPm had no effect on 5-RI-induced reversion both 
In MM and in Thu. 
It should be noted that N was not mutagenic by itself. It is 
a pyrirnidino analogue and might thus have been thought to possess 
mutagenic powers. Frees., (1959a) has shown that only a minority 
of base analogues are mutagenic and it would seem that TM falls into 
thecategory of non-effective base analogues. 
One other point which may be considered best is that thynine 
deprivation imposed by both TM and SLY might have been expected to 
t%WS 21. 	Effect of PFPA on the Frequency of 5-mi-Induced Reversion 
of T4 rII L5 in the Presence and Absence of TM 
+ Mean Reversion 
Treatment Medium r 	Revertants Index 
1414 41 6.3xl(f 7 
MIt5aJ 371 1.7x1&'5 
26 3.5x10 7 
)lJAtflJ+5RJ 2041 1.4x1O 
MU+PFPA 57 6.8x10 7 
MM4WM45BU 250 1.4x10 5 
MMfl1WM 51 6.9x10 7 
M144T14+PFM+5BU 2714 1.2x1O 
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have mutagenic consequences. Drake (1973) has demonstrated that 
mutations In 'N can be induced by thyraine deprivation. 	There 
are two possible reasons why neither SU or TM were shown to be 
IRutagenic in this study. 
Drake (1973) found that only AT mutants were induced to revert 
by thytnine deprivation. The vIZ mutants, LI and 1.5, which I used 
Were both strongly revertible with 5-MU and were therefore likely 
to be (K at the mutant site (Champs and t3enzer 1962W Drake 1963), 
and hence may be refractory to reversion caused by thymine starvation. 
Drake employed conditions of total starvation unlike the con-
ditions used here where the thymine starvation was not complete. 
In a very different system, Stevenson at al. (1973) have shown 
that neither 'I% nor suiphamethoxazole (an analogue of MM, related 
to SU) could induce chromosomal damage in hwnsn patients treated 
with these drugs. 
Discussion of the Effects of WPA on 5-MU t3thtenesis 
The absence of any interaction between TM and P11W on any of 
the parameters measured in this study indicates that PIRt cannot 
relieve all inhibitory blocks in folate metabolism and that there 
may be a specific interaction between SU and PFI3. 
The fact that the burst siw in the joint presence Of SU and 
P1kW was higher than that found in SU alone but only slightly less 
than that found in MM t PFIW suggests that wa relieved ¶1 inhib-
ition rather than vice versa. This view i.e supported by the fact 
that WR% in MM had no effect on 5-BU-induced mutagenesis but only 
depressed it in the joint presence of SU. 
The fact that virtually all the depression of 5-Ill mutagenesis 
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in SUM could be accounted for by pregrovth of E.coli B suggests that 
the preinfection host physiology was responsible for the effect. 
Some possible explanations for the phenomenon are discussed 
below. It should be born in mind that at this time such models 
must be a little speculative. 
(a) SU acts as a competitive inhibitor of the condensation reaction 
between MM and 2-amino-4-hydroxy-8-methy1pyrotosphate-dihydrop-
toridine in the formation of dihydropteroic acid (Woods 1940; 
Griffin and Brown 1984). 
If PPM was incorporated into the primary sequence of the 
enzyme which catalyses this reaction, it might paradoxically, 
increase the specificity of the recognition properties of the enzyme 
such that it can more readily distinguish MM and SU, and in con-
SSQUSDCO may have a preferential affinity for MM compared to the 
unmodified enzyme. Certainly the extent of inhibition elicited by 
incorporation of PPM has been shown to vary greatly between differ-
ent enzymes (Yoshida 1980; Richmond 1982; Westead and Boyer 1981). 
Indeed the last authors could trace no decrease in the activities 
of certain enzymes into which WM had been incorporated. 
The concept of incorporation of the wrong amino acid actually 
increasing enzyme specificity is somewhat hard to envisage. This 
postulated mode of action of PPM can be thought of as a phenotypic 
mutation. Certain genotypic mutations do in fact result in quite 
marked differences in specificities of enzymes in the utilization 
of different substrates (see Harris 1970). In addition, the 
existence of N gene 43 antimutator alleles demonstrates the poss-
ibility of mutations actually being able to increase enzyme 
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specificity. 
In order to account for the lack of interaction between tl and 
PPM, one would have to state that an. increase in discriminatory 
properties of dihydrofolate reductase does not occur when PPM is 
incorporated into it. Since 'N itself directs the synthesis of a 
dihydrofolate reductase (Mathews 196 7a & b; Ball 1967) one has to 
apply this proviso to stage and bacterial enzyme alike. Inciden-
tally the P4 enzyme has the unusual feature of being incorporated 
Into the tail plate of the phage (Kozloff et at. 1970; Mathews 1911). 
(b) The fact that mutants of Neurospora (Tatum et at. 1954) and of 
,(Davis 1955) 
E.Colit 	can be. isolated which show multiple requirements for 
MMç tyrosine, PA and tryptophan indicates that these compounds are 
metabolically related. This is not surprising since all are 
aromatic amino acids and indeed they all share a common precursor, 
shikimic acid (Davis 1955). 
The control mechanisms of aromatic amino acid synthesis are 
complex and are poorly understood. Brown (17s hdb) has shown 
that there are at least two sets of permoaees for each of the amino 
acids, one specific for each, and a general one, amenable to feed-
back inhibition by any of the end -products, In addition an E.coli 
gene (ptyR) jointly regulates all the enzymes in tyrosine synthesis 
and one of enzymes in the M pathway. The repressor product of 
this gone can be activated by any of the amino acids such that the 
target enzyme in the M pathway is repressed white the enzymes In 
the tyrosine pathway are threpreseed. 
It has already been mentioned that the tryptop&xan analogue, IP, 
has Just the opposite effect from tryptophan in deciding the state 
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of activity of the tryptophan biosynthetic pathway. 
If in an analogous way, FFPA possesses the ability to disorien-
tate the control of aromatic amino acid synthesis, a. possible 
explanation for the interaction between SO and PPM can be postulated. 
Given that shikmic acid is common to all the pathways, if PPM 
could affect the overall control of aromatic amino acid synthesis 
such that BM was preferentially synthesized, the consequence of 
the increased flux to PAM would be a larger pool size of the co-
factor which could then alleviate the competitive inhibition of SU. 
Given the nebulous state of knowledge of the control mechanisms 
of aromatic amino acid synthesis in the normal state., let alone in 
the presence of PPM, the actual mechanism of such a postulated 
Interference of control by PPM must be a matter of conjecture. 
(c) This point again relates to the similarity of structure between 
PA and MM, and consequently of their respective analogues WTh% and 
SU. This third model proposes that because of the similarity of 
shape and charge between PPM and SU, the former can prevent the 
formation of the complex between SU and enzyme without itself acting 
as an inhibitor. One would need to say that this shielding efféot 
by PPM does not, or at least does, but to a lesser extent, apply 
to the situation where PAM is presented as substrate. 
The protein in which this shielding occurs need not necessarily 
be the enzyme involved in the condensing reaction with MM but 
could be any protein which uses PAM as substrate. This point 
applies equally to model (a) above. 
One would predict that in model (a) the effect would require 
E.coli to be grown in the presence of WM so as to allow the 
06. 
analogue to be incorporated into the relevant bacterial enzyme. 
Since bacterial protein synthesis stops on stage infection 
(Benner 1953; Bilizikian et fil. 1967; Levin and Burton 1061) due to 
the exclusion of host mRNA from the bacterial ribosanes (Kennel 1983 
& 1970), it is to be expected on this model that the presence of 
PFa during infection would have no further effect on the sire of 
the burst or 5-13(3 mutagenesis. For the latter parameter, this 
was in fact the case. 
Uodets (b) and (c) require that the pools Of the required 
products of folate metabolism are so depleted during the growth 
of the bacteria in SUM, that the addition of PFPA during the 
mutagenic treatment is not sufficient to cause an increase in the 
thymine pool to on extent sufficient to depress 5-LU rautagenicity. 
All, three models invoked somewhat unorthodox mechanisms to 
account for the interaction between PPPA and SO, but on the other 
hand the phenomenon to be explained is of an unusual nature. The 
validity of the hypotheses could however be tested. 
In model (a) assays of the condensation reaction with M&% as 
substrate using extracts of E.coli grown in the presence or absence 
of WM would show whether there was differential competitive in-
hibition by StE on enzyme from the two extracts. On the basis of 
model (a), PFFA need not be present in the free state during the 
assay. 
If model (c) were valid, free wa would be required during 
the assay for any relief of 80 Inhibition by PPM to be observed 
and the bacteria need not have been grown in the presence of the 
analogue. 
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With regard to the testing of these two models it has already 
been mentioned that the target protein need not necessarily be the 
enzyme which catalyses the condensation of Mli%. Therefore if the 
assays wore done on this enzyme, and WR% was found to have no 
effects, this in itself would not preclude the basic validity of 
the models. An exhaustive series of assays of all enzymes which 
use MRS as a substrate would have to be carried out before any 
definite conclusion could be reached. 
If model (b) were true, this would be reflected in an alter-
ation of pool sizes and enzyme activities concerned with at least 
some of the intermediate steps in the synthesis of aromatic amino 
acids, when the cells are grown in the presence of PFM. To 
determine whether this in fact occurs would be a task of sizeable 
proportion. 
Since the phenomenon involving the interaction between PFM 
and SLY is somewhat peripheral to nutaganesis studies, I decided not 
to investigate vigourously the underlying mechanisms involved, 
though I believe the problem to be of no small interest. 
If then one can consider the antlmutator effect of PPM on 
*-aJ mutagonesis in the presence of SI! to be of a trivial (from the 
mutation worker's point of view) nature, it would seem that IFM 
has no effect on the efficiency of s-as as a mutagen in P4. This 
lack of effect will be discussed at the end of this chapter in 
relation to the findings on the effect of Wa on NA mutagenosis 
In P4. 
98. 
Ii. NA Mutagenesis 
The antimutator action of PPM on 5-W mutagenesis in the 
presence of SU was interpreted as being due to a dose reduction 
effect whereby less osutagen was able to reach its site of action. 
If gthage are mutagenited extraceflülarly, as is the case with 
NA as cutagen, in the absence of PPM, then clearly the dose of 
mutsjpn administered cannot be modified in the way proposed for S-BU. 
When mutagenized particles are used to infect E.coli grown in the 
presence or absence of PPM, any differences which may be observed 
will be due to modifications of resolution and expression of pro-
mutational lesions. 
NA induced Forward Mutation Experiments 
The NA treatment was performed in the way described, phage 
being treated with 0.1?.! NaNO2 in pH 4.0 acetate buffer to about 1% 
survival. After treatment the phage wore used to infect Ecoli B 
which had been grown in it! supplemented with either PA or PPM 
(both at 300mg/1) and the computes were plated, using soft agars to 
which PA or PPM had been added as appropriate. The plates were 
incubated and inspected for £ plaques. Table 22a shows that there 
was a slight enhancing effect of PPM on Mk-induced (but not spon-
taneous) .L  frequency. The effect was only a snail one and would 
not be valid in its own right, but Table 22b, c and d shows the 
results of three repeats of the experiment. In all experiments the 
induced mutation frequency was about twice as high when PPM was 
present than when PA was added. 
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TABLE 22 • NA-Induced r Frequencies in the Presence and Absence 
of PFFA 



































Experiment b) IPA 
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think of a possible explanation for the increased NA-induced 
mutation frequency. 
The ability of the rII protein to tolerate mutational change 
without actually causing a change in phenotype has been mentioned. 
It phago carrying such inocuous mutations are plated in the presence 
of PPM and the analogue is incorporated into r proteins, then the 
combined effect of the two components could reduce the activity of 
the protein to such an extent that an altered phenotype is generated. 
This idea is analogous to that of Koch and Drake (1970) who 
found that in P4 semi-ril strains, full flI mutants could he induced 
by NA at sites hitherto unreported. Rather than the genotypic 
sensitization suggested by these authors, I wanted to test whether 
what might be termed phenotypic sensitization occurred. 
This was done simply by taking all the , mutants which had 
been induced by NA and plated in the presence of PPM in the experi-
ment whose results were given in Table 22d and restreaking them on 
Ecolt B on plates with WTh absent. For all the 82 L mutants so 
tested, £ plaque morphology was found on plates lacking PPM. This 
shows that the idea of sensitization of the Z proteins by PPM was 
not responsible for the increase in mutation frequency. 
Reconstruction Experiment 
.A reconstruction experiment was done to determine It £ mutants 
are at a selective advantage after NA-treated phage are plated in 
the presence of PPM. 
A phago mixture of i'Q, r1l1272 and an ri mutant was made up 
In an approximate ratio of 50:1:1. The mixture was treated with 
NA for 4.3 minutes, stored overnight and plated against both E.coli B 
100 
and E.coli BR both of which had been grown in the presence or 
absence of PEM. The top agars also contained PFPA where approp-
riate. Counts were made of total plaques and of the incidence of 
r plaques on both strains of bacteria, Any i.  plaques on E.00li BB 
are ri whereas on E.coli 13 the mutant plaques will be a mixture of 
both genotypes. Table 23 shows that WB% had no effect on the ret-
ative frequencies of either t. genotype whether the ithage were treated 
with NA or not. 
Effect of PFFA on NA-induced r' Frequency in Joint Presence of SO 
The models put forward to account for the depressive effect of 
W* on 5-al mutagenesis in SUM all predicted that this antthuta-
genie effect would be specific to base analogue tautagens. This 
prediction was tested by repeating the NA mutagenesis experiments 
but using Loon baste which bad been grown in SUM I FFFA rather 
than in IM 
The results of two such experiments are shown in Table 24 and 
they can be seen to be virtually the same as were found in the 
experiments where MM was used. The fact that in the presence of 
SM, PFFA still increased the NA-induced £ frequenpy is in keeping 
with the prediction made above. 
NA Treatment of 'N Grown in the Presence of PP13 
The protocol of this experiment can be considered as the mirror-
image of the first series of experiments. 
Lysates from single T4r4 plaques were grown up on E.coli BB in 
MM euppl.emeMed with PA or PFR4I, both at 300mVl. Although it was 
not chocked, it was thought that $mge grown in the presence of the 
analogue would contain 13FPA in the somatic proteins. 
TABLE 23. Reconstruction Experiment:- Mk Treatment of a Mixture 
of T4r, i'11 1272 and an ri Mutaht 
Iiean• % of 	?.ban To of 
Growth Medium 	 r'g on R.Coli B roe on E.coli BB 
and Treatment Mean pta/plate (ie. ii & flI) 	(le. rI) 
M 	 524.7 	 3.24 	 1.86 
M+NA 	 294.5 	 2.51 	 1.50 
PPM 	 592.3 	 3.10 	 1.62 
PP*N& 	263.1 	 2.86 	 1.41 
TABLE 24. Effect of PFW on la-Induced & Frequency when Most Cells 
arca Grown in SUM 
Experiment 1. 
Growth Medium 
and Treatment 	No, of r Plaques 
SUM4PA 	 18 
SUM 4PA 4M 	 46 
SUM4PFPA 	 12 
SI14PFB4a 	 93 
NA treatment time:- 4.5 mine. 
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Experiment 2. 
Growth Medium 
and Tre tment 	No:. of r Plaques 	£ Frequency 
SUM-IPA 	 11 
SUM 4%-NA 	 69 
SUM 4PFM 	 14 
SUM 4'FM*4A 	 126 
Mk treatment time:- 4.5 mine. 






The two sets of phage were treated with NA in the usual way and 
were scored for survival and for both spontaneous and M1-indu0ed £ 
frequencies. Table 25 shows that these parameters were very similar 
for both lysates. 
This experiment involved NA treatment in the presence of WW 
(if in fact the analogue has been incorporated) but allowed mutant 
expression to occur in the absence of WM, siice the analogue was 
omitted from the growth medium of the plating bacteria and the p1st-
ing medium and to all intents and purposes only the phage V IA is 
injected into the host (Hershey and Chase 1982; Bershey 1953). 
Thus the protocol contrasts with that used in the first series of 
experiments in which NA was administered in the absence of PPM and 
where it was the expression of the mutants which was subjected to 
MA-treatment. 
The lack of any effect of WM when it was administered in 
this fashion is not too surprising. It had been thought however 
that the incorporation of PPM might alter the structure of the head 
such that reactivity of DNA to NA might be modified. It has been 
shown that protein-nucleic acid interactions do have some importance 
in the action of ta on viruses (Schuster and Schram 1958; Schuster 
and Wilhelm 1903; Dussault et Al. 1970). Clearly under the con-
ditions used here the effect of PPM incorporation was not sufficient 
to modify the reactivity between NA and the DNA. 
Effect of PPM on the Spectrum of NA-induced £ Mutants 
The enhanced recovery of £ mutants when NA-treated P4 infect 
E.çoli grown with PPM seems to be a genuine co-mutagenic effect. 
I wtahed to determine if there was a change in the specificity of 
TABLE 25. NA-Treatment of T4 Grown up in Medium Containing PFffi 
Survival 
Time of Treatment % Survival 
(mine.) 
PFW-Grown T4 	Control Pha 
0 100 100 
1.0 53.3 67.1 
2.0 18.6 22.0 
3.0 5.1 8.1 
4.0 1.5 1.7 
5.0 0.86 0.65 
r Mutation Frequency (Mk treatment was for 5.0 minutes). 
Phage Grown Plaques 
in PFPA ia Inspected r Plaques £Frequency 
No No 6.4x104 12 1.9x10 
No Yes 4.2x104 54 1,3XIO -3 
Yes No 4.8x104 8 1.7x10 
Yes Yes 4.6,c104 61 
'Iv) 
NA, DUtBOnBBt1 as Well 55 in its potency. 
A large scale mutant isolation experiment was performed, using 
the sane protocol described for the preliminary experiments in this 
section. 
The induced r mutants were purified and ascribed to the differ-
ent Z genotypes. The ru' a were retained and were mapped within 
the KI region. In addition reversion analyses were carried out 
on the flI mutants. 
It is evident that though PFffi1 increased the NA-induced t 
frequency It had no effect on the specificity of the mutants so 
induced. Both the relative proportions of thC different t  geno-
types and the distribution of the fli mutant daises were essen-
tially the same whether PPM was present or not (Table 26). 
Figures lZa and 12b show that the maps of point mutations and 
deletions did not differ significantly from the control when PPM 
was present. 
The fact that there was no change in specificity is perhaps 
surprising since it suggests that there is ft common step in the 
pathway via which all ?A-induced prenautational lesions are fixed 
and that this step is altered by WRS. The other possibility is 
that independent mechanisms in the ia mutagonic pathway are all 
equally affected by PPM to the sane extent. This alternative 
would seem a priori to be somewhat improbable. 
Effect of PPM on NA-Induced Reversion of an HI Mqtant 
Five fli transition mutants which had been induced by M were 
tested for their reversion response to NA. One mutant, designated 
1.4., abased a strong response to NA and was chosen for this reversion 
TABLE 26. Isolation and Characterisation of NA-Induced £ Mutants. 
Plated in the Presence and Absence of WE 
Isolation of Mutants 
Treatment Plaques Inspected £ Plaques z Frequency 
+PA 6.2,O0 21 3.4x10 
1.7x105 227 1.3x10 3 
+p Fm 5,8x104 26 4.5x10 4 
1.5x104 402 2.6x10 3 
M treatment was for 4.5 minutes and gave a survival of 0.91%. 
Classification of r's into Genotypes 
Treatment 	rl rIl nil 
Nos. Nos Nos. 3 
+PA 	 12 56.2 7 33.3 2 9.4 
+PA+NA 126 63.1 62 30.9 12 6.0 
11 43.5 14 56.2 0 - 
.+PFm4t1A 	224 60.0 140 35.0 20 5.0 
Reversion Analysis of flI Mutants 
Class of Reversion Origin of HI's 
+pfl3% +PA 4NA +ia +wa 
High Reversion 	. 1 1 6 ( 9.7) 14 (10.3) 
No Revertants 0 1 8 (12.9) 18 (13.2) 
Background Reverlion Only 5 10 14 (22.6) 30 (22.1) 
With 2-AP 0 1 18 (29.0) 38 (27.9) 
With s.-rv 0 0 	. 12 (19.4) 28 (20.6) 
With 2-AP & 5-flu 1 1 4 ( 9.7) 8 ( 5.9) 
Figures in brackets are the % of each class. 
Figure 12a. 
Representation of the Spectra of rII Point Mutations 
Induced by NA with Post-treatment Infection in the 
Prenence and Absence of P1PA 
Legend:- As for Figure 5a. 
The numbers above the lines:- PFPA present in post-NA- 
treatment medium 
The numbers below the lines:- PEPA absent from post- 
NA-treatment medium, 
Figure 12a. 
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Figure 12b. 
Representation of the Dimensions of rfl Deletions 
Induced by NA with Post—treatment Infection in the 
Presence and Absence of PIPA 
Legend:— As for Figure 5b. 
Above:— PWA present in post—NA—treatment medium 
Below:— PPTh absent from post—VA—treatment medium. 
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study. in spot tests 14 failed to revert with ZAP but it did 
respond to 5-BU, suggesting that it carries CC at the mutant site. 
The reversion experiment was done by treating IA with NA for 
45 minutes in the usual way. The treated and the control phage 
were then plated on E.coli B and E.co].i ff080 in order to estimate 
survival and reversion respectively. Where the effect of PFR 
was to be measured, the analogue was present in the top agar and 
in the growth medium of the plating bacteria. 
In addition aliquots of treated and control phage were 
adsorbed to E.coli B grown in the presence or absence of WM 
before being diluted into fresh ).UA j flB. The cultures were 
incubated for 60 minutes before lysis was completed by the addition 
of CRCX3. The phage were then plated against E.coli H and 
E.coli W$80  which had been grown in the absence of PPM. 
Thus reversion was measured either after a cycle of growth in 
the presence of the analogue or after direct plating on the restric-
tive boat. See Table 27. 
No difference in the reversion frequency was detected when 
NA-treated rtage were plated directly on the restrictive host in 
the presence or absence or PPM. However when the phage were first 
allowed a round of growth in the presence of VFPA the reversion 
frequency of 14 was increased by a factor of about four compared to 
when this growth occurred in the presence of PA. Thus it would 
appear that replication or at least some parameter of growth must 
occur for PFFA to exert its co-imitator effect on NA mutageneals. 
Discussion 
As was already mentioned, the fact that PPM causes a general 
TABIE 27. Effect of P!PA on NA-Induced Reversion of T4 rll IA 
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increase in NA mutagenicity poists to the tact that a single step 
is common to the production of both classes of ta-induced transitions 
and perhaps to deletions. it should be said that the frequency of 
deletions was based on a small sample so that the increase in their 
frequency found when PFM was present may not be real. 
Since in the absence of SQ WIR was found not to affect the 
frequency of •5-W-1nduoed mutations it would seem that there is a 
fl'fit-eensitive step in the NA mutagenic pathway which does not have 
a role in 5-55 mutation production. 
Can we postulate any likely candidates for this Pfl%-sensitive 
step in NA tuutagunesis? 
Alleles of T4 DNA polymerase (gene 43) have been shown to have 
marked mutator (Speyer, Karam and lenny 1966) or antimutator (Drake 
et al. 1969) behaviour, in some instances the effects of such 
alleles on induced mutation frequencies have been measured. Frees? 
and Freese (1967) found no evidence of mutational synergism between 
the wutator allele tsLS6 and NA. Drake and Greening (1970) on the 
other hand used two antimutator alleles and reported a depression 
of NA natagenesis, specific for the At 'OC transition when EMS is 
the mutagen and the AT -rGC mutation when NA is used. 
Mutations at other loci in the T4 genome have also been shown 
to alter 'spontaneous' mutation frequencies. Mutants of gene 32 
which encodes Albert's protein (Alborts 1970; Alberts and Frey 
1970) have been shown to depress mutations at (IC sites but to enhance 
mutation rates where AT is the mutant site (Drake 1973). 
The reports concerning the mutator effects of gene 30 (DNA 
ligase) mutants are in some conflict. Sarabhai and Lwnfrom (1989) 
105. 
reported that proflavine-induced reversion of an rfl frameshift was 
enhanced when the phage carried a mutation in gene 30. this 
finding was not confirmed by other workers (Bernstein 1971; Koch and 
Drake 1973), A report of a very large ,utator effect of a ligase 
mutant of P4 on spontaneous mutation rates (Campbell and Rowe 1972) 
is also in conflict with the findings of Koch and Drake (1973). 
In E.col*., mutant alleles at several loci have been shown to 
have imitator behaviour; nut P (Proffers at al. 1954), ast (Goldstein 
and Smoot 1985), ant S (Siegel and Bryson 1967), nut V4 (Siegel 
1973) and several others (e.g. 11111 1968 and 1970; Liborfarb and 
Bryson 1970) have been reported in the literature. 
0111 (1972) has shown that there is mutational synergism 
between ant 111 and UV, MIS and WAS. Whether the nut H locus codes 
for a DM polymerase is not known. This study of Hill's was 
exceptional, since studies on mutational synergism between mutagens 
and bacterial mutators are rare. 
It should be said that the effects of PPPA on NA rutagenesis 
have some points in common with the effects mediated by a P4 mut-
ation, tim. A preliminary study of this mutation formed the subject 
matter for Chapter 5 of Results and the similarities between the 
MA-effect and the effect of hm will be more appropriately discussed 
after the consideration of hm. 
Probably the most reasonable explanation of the synergism 
between Wfl% and N& Is that a mutator enzyme is transiently generated 
because of the incorporation of the analogue into its sequence.. 
Such an enzyme  with altered specifities could be termed a phenotypic, 
as opposed to genotypic nutator. 
106. 
Of course it is possible that it is not a single mutational 
mechanism which is so changed, but rather that each NA-induced 
preinutational lesion class has its own independent pathway and that 
each of these mutational pathways is equally affected by PFIL 
The failure of PFPA to cause a change in the NA-induced spectrum 
may be considered a necessary corollary of the lack of attention 
in the relative proportions of the classes of mutant induced by NA 
In the presence or absence of the analogt. The relationship 
between the spectrum and the classes of mutants of which it is 
composed will be discussed later. 
The fact that PFFA enhanced the NA-induced mutation frequency 
but not the spontaneous nor (in the absence of SU) the 5-BU-Induced 
frequencies may be interpreted in one of two ways. The first is 
to say that the mutagenic pathways of NA-induced mutations are dif-
ferent from the spontaneous and S-MI pathways and that it is only 
the step(s) in the former which are PPM-sensitive. The second 
possibility S. that the incorporation of WR4 into the niutator 
protein changes the accuracy of this protein only when it encounters 
NA-induced lesions, and that when the lesions are 5-BU-induced the 
error-proneness of the protein is unaffected by WJW incorporation. 
Clearly at this stage it is impossible to distinguish between these 
possibilities. 
107. 
4, EFFECT OF STREPLUJ'XN ON INDUCED MUTATION IN T4 
The thinking behind the bhoice of the antibiotic SM as an 
ancillary agent in mutagenesis was basically two-told. 
(a) SM has been shown to intercalate into DNA (Lerman 1964) but 
this author failed to demonstrate any mutagenicity with SM. There 
is one report of mutation induction by SM (Fernandez, Hans and Wyss 
1953),, but the measurements in this study were open to considerable 
error. SM at very high concentrations has been shown to induce 
achromatic lesions in human chromosomes (Ube 1970) but not In those 
of Vicia table (01* 1972). Whether the effect in the fonaer case 
Is due to intercalation is not known. 
Erythromycin, which is related to SM both in structure and in 
mode of action has been shown to induce petitos in yeast with very  
high efficiency (CarnevSli et a). 1971; Williamson et at 1911) but 
in an probability this effect is an indirect one mediated by the 
Inhibition of qitochondrial protein synthesis and not by a direct 
mutanic effect of erythromycin. 
It was thought possible that intercalation of an agent into DNA 
would result in localized stereochomical alteration of DNA. The 
possible contribution of DNA stereochemistry to the positioning of 
hotapots will be discussed later. By altering the stereochemistry 
it was considered to be a possibility that the rIl spectrum of 
mutants could be changed. It has in fact been shown that othidium 
bromide, an agent which readily intercalates with DNA, results in 
differential reading of treated templates by DNA polymorases from a 
variety of vertebrates, the extent of the infidelity of reading 
108. 
depending on the base composition of the template (Friciliner and 
Weisst*ch 1971). 
(b) SM is at course best known as an antibiotic which acts by 
inhibition of protein synthesis. A great deal of evidence now 
exists to show that at binds to bacterial ribosomes and inhibits 
their function. (See review by Weisbium and Davis 1968). It 
should be noted that in the already-mentioned study of Fermi and 
Stout (1982), it was found that in the presence of another protein 
synthesis inhibitor, chlorsmphenicol, the 5-811-induced intergenic 
specificity in T4 was altered. 
still unknown. 
The cause of this phenomenon is 
Apart from the actual inhibition of protein synthesis, the 
interaction of SM and bacterial ribosomes results in two other 
related phenomena which make the use of this agent of greater 
relevance to a study of this type. 
Low levels of SM have been shown to cause phenotypic suppression 
of some nonsense codons in E.coli (Gorini and Kataja 1004), bacterio-
phage 14 (Scarfati 1067; Karen and O'Donnell 1973) and several RNA 
bacteriophages (Kuwano and Endo 1969). 
Complementary to this is the finding that StrA mutants of 
E.coli, which are resistant to SM, diminish the efficiency of pre-
existing nonsense suppressors (Gartner and Orias 1980; Gorini 1970).9 
This restriction applies also tormissense suppressors (Biemias and 
Dorini 1972) • This restriction probably accounts for the recent 
findings (Clarke 1973; Slcavronskaya at at. 1973) that the frequencies 
of LW-induced ochre suppressors were depressed in SM-resistant 
strains of E.coli. This antimutator effect could be relieved by 
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addition of EM to the plating medium. 
Although the nature of the phenotypic suppression and of the 
restriction of suppression is imprecisely understood, it seems clear 
that translational ambiguity is involved. This interpretation is 
in accord with the findings of in vitro experiments where the addit-
ion of SM resulted in increased levels of misreading of synthetic 
polyribonucleotides (e.g. Davies, Gilbert and (Jorini 1904) and of 
naturally occurring messengers (Schwartz 1965). Although SM-
mediated suppression is fairly unspecific in that it can act on all 
three nonsense codons and on a variety of mi500nse codonu, the 
misreading is not totally at random. If homopolynucleotides are 
used as messenger, only one of the base-cairs within a codon is sub-
ject to misreading (Davies, Gorini and Davis 1965) and it has also 
been shown that certain triplets are refractory to misreading In 
vitro (Davies, Jones and Khorana 1966). The demonstration of 
mistranslation in vivo has been somewhat harder, but Strignini and 
Gorini. (quoted in Gorini 1970) have shown it to occur. 
If the hypothesis put forward concerning the ability of WM 
to cause misreading is to be believed, then one could consider PPM 
and SM as mediators of the same end result, though each agent 
achieves this and by very different means. 
If SM could be shown to have an effect on the specificity of 
the induced mutant spectra of T4, then the possibility exists of 
dissecting the two components of the action of SM enumerated above  
to see which is responsible. 
The relative importance of intercalation could be tested by the 
use of another compound, such as spermins, Which also intercalates 
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Into DNA (Ianian 1964). This compound has no effect on mutation 
rates in N (Drake 1970) but it is antmutagoic for E.colI (Johnson 
and Bach 1965 'and 1966).. -. 
The relative importance of the phenotypic suppression and mis-
reading could be determined by the use of another agent., such as 
5-FU, which mimics SM in these parameters. 0-FU is an analogue of 
uracil and is incorporated into EM, and may Pat  with either A or 
C. This results in the suppression of nonsense codons (I3enyar and 
Champs 1961; Champs and 1nzer 1962b; Garen and Siddiqul 1962). 
Concomitant with this loss of accuracy, as measured by pheiotypic 
suppression, is the fact that 5-FU also causes the production of 
detective proteins as a result of misreading (Nacno and Gros 1960). 
However 0-VU is a potent Inhibitor of nucleic acid synthesis 
(e.g. Osawa 1965) and hence the wutagenicity of 5-BU (one of the 
mutagens used in this study) would be increased for masons which are 
analogous to those used to account for the fact that other inhibitors 
of DM synthesis (e.g. SU, TM, Aminopterin) also increase the 
mutagenic powers of base analogues. 
A better choice might well have been a ram mutant of Ecoli, 
which has similar effects to those obtained by the addition of 91. 
It suppresses nonsense and miesenee codons (Gorini 1900) and it 
increases the level of in vitro misreading, to a level equivalent 
to that found when wild type ribosomes in the presence of SM are 
used to direct the synthesis (Gorinl 1070). 
1. 5-13t! Mutagenesis 
Effect of SM on Growth of E.coli B in SUM 
Just as in the work with PFM, it no necessary to estimate the 
dose of SM which would cut the growth rate of E.coli B grown in SUM 
by about 50% since the initially intended protocol for 5-Ut! mutagen-
esis was to mutagenize the phage in the presence of SM and in cells 
which had been grown in the presence of the drug. The procedure 
for estimating the appropriate concentration of SM no the sane as 
that used in the preliminary experiment on PFM. It can be seen 
from Figure 13 that SM at 2mW]. resulted in a viable cell density 
after four hours growth in its presence which was about half that 
found in the control. 
Effect of SM in the Plating Medium on T4 Plague Formation 
This preliminary experiment was necessary because it was 
Intended to plate mutagenized phage on plates containing SM. 
E.coli B was grown up in SUM supplemented with various Concen-
trations of SM. After 3,5 hours growth T4r+  was added at low m.o,i 
and the complicos were plated on plates to which SM had been added 
at different concentrations. 
Table 28 gives the number of fl plaques/plate after the various 
treatments. The results show that pregrowth of E.coli with SM 
at 2mg/l was not very satisfactory since N showed a drop in e.o.p. 
even when the plates lacked the drug. In addition those plaques 
which did form were not well defined and it would have been very 
difficult to recognize plaque morphology mutants. When E.coli was 
Ill. 
Figure 13. 
Effect of 3M on Growth Rate of E.coli B in SUM. 
The concentrations of SN in the growth media are given 
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TABLE 28 	Effect of SM In E.coli Growth Media and Plating Media 
on 14 Plaque Formation 
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- No plaques discernihe because of very poor 
bacterial lawn formation. 
o - Plaques poorly formed on thin lawn. 
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grown in SM at 1.0mg/i, the e.o.p. was still less than the control 
but the plaques were quite distinct so long as the plates contained 
SM at a concentration no higher than O.lmg/l. The effects of SM 
on e.o.p, will be returned to after consideration of the one-step 
growth experiments. 
(c) Effect of SM on One-Step Growth of '24 
A culture of E.coli B was grown in SUM with or without SM at 
1.5mgJl. This lower dose of SM was chosen because of the drastic 
effect which SM at Zmg/l had on '24 0 s plaque-forming ability. 
After 3.5 hours growth, the bacteria were resuspended in fresh 
SUM S SM, the viable cell density of each aliquot having been 
adjusted so that they worn the same. 
T4r was then added. SM was omitted from the plates and from 
the growth medium of the plating bacteria. Because the effect of 
SM on e.o.p.  hinted at the possibility of impairdd '24 adsorbtion to 
SM-grown E.coli, it was decided to do the experiment in the absence 
of t4aCN so that the kinetics of adsorbtion could be measured. 
Accordingly the zero times in Figures 14 and 15 correspond to the 
times at which the phage was added, rather than the times at which 
the complices were diluted out of MaCN. In these experiments, 
dilution into fresh medium was done twelve minutes after the 
addition of the Itage. 
Figure 14 shows that under the conditions used here, SM had a 
drastic effect on a number of parameters of '24 growth. The 
adsorbtton of the phage was greatly impaired, as shown by the fact 
that in those aliquots prematurely lysed, the number of viable 
phage was similar to the values found in the unlysed aliquots. 
Figure 14. 
One—Step Growth &i,eritnent with T4 in SUM in the Presence 
or Absence of SM at 1.5mg/i 
S3tlbois:-s Open Symbols - Prematurely lysed with CHC1 3 
Closed Symbols - Plated directly 
Triangles - SM present 
Circles - SM absent 
N.B. 	t - 0 was the time at which phage were added, 
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flte fact that the titre of phage in the unlysed aliquots fell during 
the latent period pointed to the failure of a proportion of the phage 
which had been adsorbed to develop. The fact that the lysed and 
the unlysed aliquots petalled each other so closely suggested that 
the large majority of adsorbed phage Jailed to develop. 
This experiment was repeated, using a lower concentration of 
SM (1.0mg1i). 	See Figure 16. The effects which were seen with 
SM at 1.5mg/i also occurred at 1.0mg1i but to a lesser degree. 
Adsorbtion was still impaired. ApproximatelY 10% of the phago 
were adsorbed compared with more than 95% in the control. There 
was also a fail in the titre of phage in the unlysed aliquots such 
that the titre of viable phage was reduced about three-fold. it 
should be noted however that the final titre (after 80 minutes) 
reached a value of about twice that at the start of the infection. 
Clearly then, there were some successful infections. If one 
divides the final titre by the number of viable adsorbed Øiage 
(this latter function can be obtained by subtracting the lysed 
titre from the unlysed titre 20 minutes after the start of the 
infection) crpe obtains a corrected burst-size of 13.0. This con-
pares with a value of 14.1 in the control. If the interpretation 
of the behaviour of the P4 growth parameters is correct, then SM 
had no effect on the burst size of those phage which adsorb and 
develop successfully but it completely inhibited the growth of the 
majority of itage. 
Freeda and Cohen (1066) found that intracellular protein 
synthesis directed by P4 was in general inhibited less than that of 
bacteria, though the synthesis of certain proteins such as lysozyme 
Figure 15. 
One—Step Growth Experiment with P4 in SUM in the 
Presence of Absence of SM at 1.0mSl 
Symbols as for Figure 14. 
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were peculiarly sensitive to Inhibition by SM. 
Older work, with another amtnoglycoside antibiotic, Aureomycin, 
showed that this drug inhibited adsorbtion of phage through a still 
unknown mechanism (Altenbern 1953). It has also been reported that 
SM has a lethal effect on free phage (Edlinger 1049; Jones 1945; 
Cohen 1947; Bourke, Robbins and Smith 1952) 9 but the doses used in 
all these studies were massive. However to check this possibility 
1 exposed free T4 to SM at l.Smg/'l 'for two hours. At this concen-
tration no loss of titre was observed. The fact that bacteria 
containing mature T4 can be lysed prematurely by addition of SM 
at high concentration (Symonds 1957) could not have been responsible 
for the drop in titre since in a subsequent single-burst experiment 
with an amended protocol (see below), SM was present throughout the 
course of infection but no lose of titre was observed. 
The finding of a reduced mean burst size as measured by divid-
ing the final by the initial titre (burst. aim = 2.1 in the presence 
of SM at l.Omg/l), which was interpreted as being due to a minority 
of individuals giving rise to full bursts, while the remainder 
contribute little or nothing to the final titre is reminiscent of 
an aspect of the phenomenon of capacitance (Benmr and Jacob 1953). 
UV-killed LcoM can efficiently support the growth of t4 *0 long 
as infection is done immediately after trtadiaticn. However if 
time is allowed to elapse before infection the mean phage burst is 
reduced. It was found on closer analysis that some infective 
centres yielded normal bursts while others gave no progeny (Boyle 
and Swenson 1971) • However the ability of the phage to adsorb was 
not impaired under the conditions causing loss of capacitance. 
315. 
It is clear that the effects of EM on the development of T4 
are such as to render its use as an ancillary agent in 5-W mutagen-
eats most unsuitable, at least under the conditions used above. 
The most obvious drawback is to fact that a substantial fraction of 
the phage remains unadsorbed and hence is impervious to the tjuta-
genic action of 5-811. 
A second protocol was found to be more acceptable. Mere the 
E.coli was grown in SUM in the absence of SM and after 3.5 hours 
growth phago and drug (2.0mg1i) were added contemporaneously, again 
In the absence of cyanide, and the experiment was performed in the 
usual way. Under this regime SM did not interfere with adsorbtion 
nor did it inactivate any infective centres during the latent 
period. It did however reduce the burst size by about 50% compared 
to the control and it extended the latent period some ten minutes. 
See Figure 16. 
(ci) Effect of SM on 5-811 Forward Mutagenesia 
T4f phago, and whore appropriate SM at 2.0mg/i and s-al at 
0.05mg/mi were added to a culture of E.colt B which had been grown 
in SUM. The experiment was carried out as described in Materials 
and tbthods. The results , are givenin 	 - 
Table 29g. Estimates of the induced mutant frequencies were made 
In two ways. 
(a) By dividing the total number of Z:Oa by the total number of 
plaques inspected. This value will be an overestimate since it 
treats all r9a as if they were of independent origin. Given the 
largo number of independent estimates (i.e. one for each plate), on 
which this mesa is based, the extent of the overestimation should be 
Figure 16. 
One—Step Growth &periment with P4 in SUM in the 
Presence or Absence of SN at 2.0mg/i. (SM absent 
from Looli growth media.) 
Symbols on for Figure 14. 
t 0 was the time at which phage were added. 
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TABLE 29, Effect of SM on 5.4313-Induced Frequency of T4 £ 
Mutation (1st Isolation) 
Isolation of Mutants 
• T1?EATLENT MEDIA 
• Control 4shl . +55U48M 
Total Plaques Inspected 6.0x103 8.14O 2.3,d.0 7.1,d.0 
Total of r Plaques 19° 1 153 . 	310 
% of plates with at least 1 £ 5 2.5 77.1 64,2 
Mean pftt/plate 918 834 .786 815 
Mutatibnrt Index( 33xl 3 1.3x1ö' •6,1xl63 4.3x133 
Total Plaques 
- 18 of the v's obtained in the control were on one plate.. 
On testing, all 18 were found to be rI's and were in all 
probability the result of a jackpot. 
Classification of r0a into Genotypes 
(1) Totals 	 . 
Treatment 	xl. 	 xii. 	nh 
	
Nos. 	 Nos. 	5 Nos. 	1. 
5IBJ4SM 	157 57.3 	108 39.4 	9 3.3 
5,3C1 97 	81.5 17 	.14.3 5 	4.2 
(ii) Number of Plates c. rrflix at Least Ono Plaque of the 
Relevant Genotype 	 • 
Treatment 	i2. 	• 	 xi.!. 	• nh 
Nos. 	To Nos.. 	 Nos. 
5-ffiJ+SM 	86 	58.9 	51 	3409 	9 	6.2 
5-8111 52 75.4 12 .17.4 • 5 7,2 
116. 
similar for the SM-treated phage and the control. 
(b) By calculating the percentage plates with at least one 
mutant plaque. For this to be legitimate the pfu/plate in the two 
treatments should be the same. In this experiment (and in a sub-
sequent repeat experiment) this was the case. This method will 
give rise to an underestimate of frequency since it assumes that all 
mutants on a single plate are the progeny of one mutant parent. 
That this assumption is not true could be shown by demonstrating 
that on some plates a mixture of z genotypes occurred. 
Both methods of calculation show that 5-RU-induced forward 
mutation frequency was marginally lower in the presence than in the 
absence of SM, but given the errors involved in the calculations, 
there is no justification for considering tile difference to be a 
real one. 
All the £ mutants induced by 5-i3ti were purified and then 
allocated into the r genotypes in the usual way. Table 29b(i) 
shows the classification of all the £'•' irrespective of whether 
they on from the same plate or not. In Table 20b(ii) the classi-
fication was based on the number of plates on which there was at 
least one representative of the relevant genotype. 
It is questionable whether the higher proportion of r1 l's found 
in the 5..BU + SM treatment is a real one, given the already-mentioned 
errors involved. In fact in a subsequent experiment (see below) no 
real difference was found in the relative frequencies of the 
different & genotypes induced by 5-MI in the presence and absence of 
W. 
The H and rItZ mutants were discarded and no more than one HI 
117. 
was taken from each plate for further analysis. This precaution 
ensures their independent origin. There was therefore a total of 
12 rh 'a induced by 5-BU in the absence of SM and 59 rh 'e induced 
in the presence of the drug. 
I considered these numbers too low for any valid comparison 
between the two classes to be made. Accordingly the collection 
was supplemented with more rU's isolated in the way described 
above. 
Table 30 shows that the results were essentially the same as 
in the first experiment 	no effect of gj on 5-W mutation 
frequenc$es and lack of mutagenicity of SM itself. As was mentioned 
above when the r's were classified into genotypes no difference in 
the relAtive frequencies of the r genotypes of mutants Induced in 
the presence and absence of the drug was found. 
Independently arising ru's were taken from this isolation, 
giving a rand total of 71 r1 l's induced by .5-J and 80 induced by 
5-flU in the presence of SM. 
Although there appeared to be no effect of SM on 5-mt-induced 
mutation frequency this did not necessarily preclude the possibility 
of modification of the induced spectrum, though to be sure it made 
it less likely than if the frequency had been changed. Accordingly 
the rU's were mapped within the ri! region. It is clear from 
Figure 17 that there was no essential difference in the 5-BU-induced 
spectra in the presence and absence of SM. Of course for those sites 
with only single representatives there can be no exact overlap but 
every hotspot contained representatives induced by 5-BU in the 
presence and absence of M. 
TABLE 30. Effect of 8M on 5-flu-Induced Frequency of P4 r 
Wtatlons (2nd Isolation) 
6). Isolation of Mutants 
TRIAThENT MEDIA 
Control S 45-W +s-SMFf€M 
Total Plaques Inspected 3.3,o.O 2.7x104 4.8x104 2.6x104 
Total of £ Plaques 7 9 381 258 
% of Plates with at least 1 £ 6.2 8.1 69.4 82.8 
Mean pftp1ate 745 816 564 731 
Mutation 	lndex(T0th ) 2.1xL 3.5i54 7.8xl 3 9.8x15:3 
Total Plaques 
b) 	Classification of r's into Genotypes 
(1) Totals 
Treatment 	H rEt rHI 
Nos. Nos. 7. Nos. 
5-1114611 	168 65.1 72 27.9 18 7.0 
5-43U 214 66.2 143 37.5 24 6.3 
(ii) Number of Plates Carrying at Least One Plaque of the 
Relevant Genotype 
treatment 	H HI rIII 
Hoe. flog. Hoe. 
54 51.4 29 27.6 18 17.1 
86 50.9 59 34.9 24 14.2 
FigUre 17. 
Representation of the Spectra of i'll Point Mutations 
Induced by 5-BU in the Presence aM Absence of SM 
Legend:- As for Figure 5a. 
Te numbers above the lines:- Induced by 5-B?.! in the 
Presence of SM. 
The numbers below the lines:- Induced by 5-B!.! in the 
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In view of the lack of any difference in the rII spectra and 
the 5-BU-induced mutation frequencies in the presence and absence of 
SM it was decided not to take the analysis further by classifying 
the patterns of reversion of the r1I 'e. 
II. NA  Mutagenesis 
Effect of SM on NA Pox-ward Mutagenesis 
In a forward mutation experiment 	phage were treated with 
NA in the usual way (o,lM NaNQ2 in PH 4.0 acetate buffer for 4.5 
minutes) • The mutagenized phage were then added to a culture of 
E.coli B which had been grown in MM and to which cyanide had been 
added ten minutes earlier. After allowing time for adjorbtion the 
complices were diluted into two fresh aliquots of MM prewanned to 
37°C. To one of these aliquots had been added SM at 2.0mg/I. The 
cultures were incubated for 15 minutes before being diluted further 
and plated against LcoU B. Neither the top ear nor the growth 
media of the bacteria had had SM added. 
After overnight incubation the plates were inspected for r 
plaques. From Table 31 it can be concluded that SM had no effect 
on NA-induced £ frequency and on further analysis it can be seen 
that it failed to alter the relative proportions of the different £ 
genotypes. See Table 31b. 
Given these negative results, it was decided to take the 
analysis further only as far as allocating the rh 's into cistrona. 
This was done by crossing the induced ru's with r11638. Those 
mutants which recombined with this deletion were placed in the rilA 
ciEtron and those that failed to cross were classified as belonging 
TABLE 31, Effect of 3M on 148-Induced Frequency of N £ Mutations 
A) Isolation of Mutants 
Treatment Total Plaques Inspected Total £ Plaques r Frequency 
Control 7.8x104 11 2.6x10 4 
4GM 6.9x104 17 2.5lC 
9.21O 129 1.4,cl(f 3 
tta46M 2.4x105 284 
Classification of rtq into Genotypes 
Treatment 	H 	 HI 	 nh 
Nos. 	 Nos. 	 Nos. 	Vs 
73 	56.6 	42 	32.6 	14 	10.8 
4%&4SM 	160 	56.3 	92 	32.4 	32 	11.3 
Classification of HI's into rItA and fIB Cistrons 
Treatment 	ritA 	 fIB 
Nos. 	Vs 	Nos. 	Vs 
41a 	 25 	59.5 	17 	40.5 
-'NksM 	58 	66.0 	30 	34.0 
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to HID. Table 31c shows that the presence of SM had no effect on 
the relative frequencies of induced rIPs of the two cistrons and it 
was decided to take the analysis no further. 
Rather disappointingly then, 94 hgd no effect on the potency or 
specificity of NA- and 5-1W-induction of £ mutants. All one can 
say is that none of the modifications of cellular metabolism caused 
by 814 are of importance in the mutagenic pathways of either mutagen. 
This is not to say that all modifications of ribosomal function or 
all intercalating agents will also fail to have any effect on induced 
mutagenesis. 
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5. A PREUUIMRY STUDY OF THE hm MUTATION IN T4 
The work to be described in this chapter was concerned with a 
study of possible changes in mutagen specificity due to an alteration 
in genetic background rather than by experimental nanii*4ation of 
the conditions under which mutagenesis was carried out. 
The mutant used was designated bm by Dr. J.W. Drake who supplied 
a stock of the strain, this mutant has a rather unusual history. 
A mutant of T4 with increased UV sensitivity was isolated by Mann 
(1963) • This mutant, named A' was also sown to have reduced 
intragenic recombination frequency (Mann 1904) and an increased 
sensitivity to X-rays and to WS (Itidy, Strom and Bernstein 1971; 
Mortelmans and Friedberg 1972). Drake (1073) has established that 
the A "mutation" is in fact a double mutant and he has designated 
the two mutants M and ha. He found that M is responsible for the 
IN and tilE sensitivities and for the reduced recombination frequency. 
The Sn mutation, on the other hand was characterized as having wild-
type liv and WS sensitivities and normal recombination frequency. 
It does however possess a higher spontaneous frequency and it enhances 
the frequency with which mutations induced by 2-AP, 1812 and UV are 
induced, 
The fact that bm can enhance induced mutagonesis without itself 
causing a great increase in spontaneous frequency renders it a good 
candidate for a study on the effects of genetic background on the 
specificity of induced mutations since there will be less tontamina-
tiont of the induced mutations by those arising spontaneously than 
would be the case if the effects of an allele which produces 
121. 
rnasstvely elevated spontaneous mutation rates (e.g. gene 43) on 
induced mutations were measured. 
Experimental 
NA Treatment of T4 hm and T4 hil 
Preliminary to any studies on the T4J strain, lysatse were 
grown up on E.coii WI in the usual way and assayed for the incid-
once of spontaneous .t  mutants. The frequencies in five lysatea 
are shown in Table 32 and were some two to three times greater than 
those found for the hm strain. This increase in spontaneous , 
frequency was not as great as that reported by Drake (1973) and 
the reason for this is not known. Of the five, lysate E had the 
lowest frequency and this was used in the subsequent work. 
It was intended initially to isolate a variety of different 
classes of rIl mutants and to compare the reversion frequencies 
Induced by different mutagens when the ru 's were in the IM and hm 4 
backgrounds. 
NA was chosen as the nutagen to induce nI mutants in the hrl 
background since it Is simple to administer and it induces a 
variety of mutant classes, it was intended to backcroaa the nIl 'a 
so induced into the !n' strain and compare the induced reversion 
frequencies of the same nil in the two strains, 
The in stock lysate was treated for 4.5 minutes with O.1M 
In $1 4.0 buffer. From previous experience it was assumed 
that such a treatment would result in about 1% survival. The 
dilutions, prior to plating were calculated on this assumption so 
as to give about 10 pf u/ plate, in the event however the plates 
TAliLE 32, Spontaneous L  Mutant Frequency in Five hm Lysates 
Lysate Plaques Inspected No. of £ I 1aztxes z Frequency 
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showed virtually confluent 1is, there being many more survivors 
than expected. This suggestion of increased NA-resistance in hn 
was investigated. 
Both T4h'n and hm. were treated with NA (jii 4.0) in the usual 
way ' samples being taken at intervals and plated against Leon B 
to estimate phage survival. 
From Figure 18, it is clear that there was a marked increase 
in the resistance of j  compared to the wild-type. Both killing 
curves were linear and hence the ratio of survivors in the jj 
over the hm strain increased with increasing NA dose. 
To my knowledge this was the first demonstration of a genetic-
ally determined effect on the response of T4 to inactivation by NA. 
Differences in sensitivity due to genetic background have however 
been found in E.coli (Howard-Flanders et ml. 1006; Clarke 1970), 
Salmonella (Ruthter 1961) and various fungi (Chang and Tuvason 
1961; lennox and Tuveson 1961; Zimmerman 19(38). in addition 
Winkler (1905) has shown that to a certain extent, the M-sons±t-
iv±ty of bacteriophage kappa can be altered by genetic changes in 
the host, Serratia. 
It is of course quite possible that the difference between 
the two strains was not due to the mutation at the fla locus. 
Indeed it could be that by chance, my wild-type strain was in fact 
NA-sensItive due to an independent mutation. To go some way 
towards testing this possibility, the experiment was repeated, but 
in addition the responses of two extra wild-type stocks (B and 
WD; kindly supplied by Dr. J.W. Drake) were measured. it was 
found that the killing curves of these two strains and of my 
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original wild-type virtuaflyCeiapped, the hm strain being more 
resistant than all other three strains. This result suggests that 
my wild-type was not in fact NA-sens±t*vo. It does not however say 
that it was the mutation in the hm locus itself which was respon-
sible for the resistance in this strain. 
Given this difference in the NA-sensitivities of the two 
strains, it was decided to test whether the strains differed In 
their response to NA as a mutagen. 
When making comparisons of induced mutation frequencies in 
strains showing different sensitivities to the lethal action of 
ja :mutagen there is a problem in deciding the definition of equiv-
alent doses. One can compare equal physical doses, or one can 
consider equivalent doses as those which give the same level of 
survival in the two strains. 
To a certain extent a prior knowledge of the reasons for the 
sensitivity difference is required before deciding which of the 
two definitions of equivalence is appropriate. If in the resist-
ant strain there is some kind of barrier whereby fewer lesions in 
DNA are Induced per unit dose then equivalent survivals should be 
cocipared. If on the other hand, the same number of lesions were 
induced by NA during the treatment of hm and 	, but in the former 
strain a higher fraction of the lethal lesions were repaired, then 
the Criterion for equivalence would be in terms of equal physical 
dose. 
Since the nature of the resistance in the tim strain was not 
known it was decided to compare the NA-induced forward 
mutation frequencies in jLand 	both at equal doses and at 
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equal survivals. 
Both hn and hrn were treated with. NA to 1% survival in the 
usual way. In addition hm was treated for the saw time (4.5 
minSta) as gave about 1% survival in fljt The treated and 
control phage of both strains were plated on E .coli Il and were 
inspected for the incidence of £ plaques. See Table 33. 
Even after allowing for the higher spontaneous t frequency in 
tin., the frequency of NA-Induced mutants was about double that of 
the frequency in hC at equal doses, and about 2.5  times higher at 
equal survivals. This experiment was repeated three more times 
with essentially the same result. 
Two very general explanations for the nature of the resistance 
in tin were mentioned above. One invoked a mechanism by which the 
number of induced lesions was reduced and the other was in terms of 
improved efficiency of repair of potentially lethal mutations. 
The fact that bin not only had a higher survival at any given 
NA dose, but also had an enhanced induced z. frequency favours the 
second general model. Although NA-induced lesions leading to 
lethality and to mutations may be different, it is reasonable to 
assume that the rates at which both classes are Induced will be 
correlated. Hence one would predict that if the resistance to 
NA in tim is caused by better protection of the DNA, the a strain 
should have a lower Induced mutation frequency compared to Wild-
typo !  
One other possible explanation was considered. As well as 
acting on DNA alone, NA can covalently join DNA to protein, and in 
phage 1'7 this type of crosslinking is responsible for a significant 
TABLE 33. )A-Induced r Frequencies in T4hm and T4hm' 
Plaques 	No.. of r 
Strain NA Treatment ¶4 Surv. inspected Plaques 	r Frequency 
(mine) 
hn 	 0 100 5.0x104 12 2.4x1O 
4.5 1.3 2.8x104 34 1.2x10 3 
hm 	 0 100 2.4x104 16 6.6x10'4 
4.5 12.5 19x104 54 2.S10 
6.5 1.1 2.].x104 71 3.4x103 
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proportion of the lethal action. of )4A (Dassault at al. 1970). M 
has also been shown to crosslink nucleohtstone in calf thymus 
(Patti and Bello 1971). It is not known whether ithage can be 
inactivated by the action of M solely on protein. If such inac-
tivation could occur and if kin had a somatic protein more resistant 
to it, then a higher proportion of lethality will be of genetic 
origin (rather than what might term somatic killing) in hm than 
in j. At equivalent survivals then on this model the induced 
mutation frequency would be expected to be higher in Ia. 
However the model also predicts equal imitation frequencies at 
equal physical doses. Unless one postulates a strong (and a priori. 
a very unlikely,) correlation between the probability of a phg 
receiving a somatic lethal bit and of its carrying a premutation at 
one of the ., loci, the fact that tin had a higher induced frequency 
than 	after 4.0 minutes t'a treatment argues against this model. 
Reconstruction Experiment 
One further possible explanation is that r mutants are at a 
selective advantage in NA-treated hm phage. A reconstruction 
experiment was performed to see if this was so. There certainly 
are precedents, as was illustrated in the Introduction, of mutations 
in the H I locus being at a selective advantage in certain genetic 
backgrounds, nt mutants being able to suppress a variety of 
mutations at other loci in 'N. 
The experiment was done as follows. Twelve spontaneous bffl 
double mutants were picked, purified, and allocated to genotype. 
Four of tjieu were ri l's and the reversion response of each to H& 
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was measured. None was induced to revert and the one with the lowest 
spontaneous reversion frequency Chxn rIlAlO; with a frequency of 
1.6x1&' 8) was chosen so that the selection on both the major classes 
of r mutants could be determined. 
Mixtures of hm rt and tim rIlAlO and of h'i r and him ri were 
made up in ratios of 20:1 in favour of the hrn ? phage. The 
mixtures were treated with NA for 6.5 minutes and were plated on 
E.coli .8. the frequencies of the £ mutants were compared with 
the frequencies when the mixtures were plated before being subjected 
to NA treatment. Table 34 shows that the frequencies of both £ 
mutants wore almost identical before and after MA treatment mdi-
catng that selection in favour of fully expressed z mutants in the 
bin strain was not responsible for the increase in induced mutation 
frequency. 
Effect of NA Treatment on One-Step Growth of T4hn and 
It has long been known that some autasenic agents, most 
notably UV, are not only lethal to bacteriophage but also have 
marked effects on the physiology of the survivors of the treatment. 
After iN irradiation the 'mean burst size is reduced and the latent 
period is extended (tuna 1944) and this delay to due to effects 
of UV on the DNA (Setlow et al 1955). 
PhaW which survive EMS treatment, have normal burst sizes 
but the latent period is extended (Ray, Bartenstein and Drake 1972). 
To my knowledge the effects of NA treatment on the One-step growth 
parameters of T4 have not been reported, and it was decided to do 
the appropriate experiment and further, to compare the effects of 
TABLE 34. Reconstruction Experiment. Treatment with NA of a 
Mixture of hmr + and hmrll A10 and of hmr + and hmrl 
Mixture of hmr+  and hmrll MO 
Plaques 
Treatment 	Inspected No. of i. Plaques £ Frequency (%) 
0 	 813 	 39 	 4.8 
NA (6.5mins) 	1089 	 61 	 5.6 
Mixture of 12+  and hmrl 
Plaques 
Treatment 	Inspected No. of £ Plaques r Frequency (%) 
0 	 333 	 28 	 8.4 
NA (6.5mine) 	521 	 37 	 7.1 
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the NA treatment on the burst of hn and hn+. 
It is not unreasonable to suppose that if the hn mutation is 
implicated in the repair of NA-induced lethal damages, the may be 
reflected in an amelioration of any physiological damage as all. 
Both bri and m were treated with NA for 4.5 minutes and the 
survival of each strain was assayed. The treated and control 
phage of each strain were used to infect E.coli B. grown in SW, 
in the presence of cyanide at low m.o.1. flulttplicity reactiv-
ation was thug prevented. 
The experiment was conducted in the usual way. The mean 
burst size of the NA-treated phage was estimated in the normal 
manner i.e. SB the ratio of viable phage at the end of the infec- 
tive cycle over the initial viable rthage number. Table 35 summari-
zes the results of the experiment and Figure 10 shows the tire-
course of the one-step growth, showing only phage plated directly 
and not after premature lysis. it can be seen that neither the 
burst size nor the efficiency of adsorbtion was affected by NA 
treatment of either strain compared to the controls. The latent 
period of the treated phage was extended by about eight minutes 
in 	and by about five minutes in hm. This slight diminution in 
the extent Of the delay in the hm *train was found in two further 
repeats so it represents a small but real difference between the 
two strains. The lack of effect on mean burst sizes but an 
increased latent period of NA treated phage is reminiscent of the 
already-mentioned effects of EMS on one-step growth. 
At this stage it is not possible to say what are the reasons 
for the extension of latent period in NA-treated phage. It may 
TAKE 35. Effects of MA-Treatment on the Parameters of the One-Step 
Growth Experiment with T4hn and T4hm+ 
Strain 	NA Treatment 
	
°k Surv. 	% Adsorbtion 	Burst Size 
(mins) 
1'4hm 	 0 
	




11.6 	90.1 	 131.8 
T4hi 	 0 
	
100 	89.8 	 135.6 
4.5 
	
0.97 	07.7 	 144.2 
Figure 19 
One—Step Growth Dperiment with T4bm and T4Iirn with or 
without Prior HA Treatment 
The strains and the treatments are nhown in the figure. 
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well be that damage inflicted on the ma by NA slows down repli-
cation and transcription. If the difference in the latent period 
of MA-treated hm and hrt is real, one could hazard that the former 
strain is in some way bet er able to cope with the damage brought 
by NA. 
Intracellular Na Treatment of Thin and T4hm' 
Having demonstrated a marked difference in the sensitivities 
of bin and 	when they were treated with NA extracollularly it was 
intended to investigate the relative sensitivities of the two 
strains to intracellular NA treatment. A number of preliminary 
experiments were carried out to find the best conditions for such 
a study. The first was to measure the lethal effects of, NA on 
E.coll. B. 
A culture of E.coli B was filter-washed and suspended in 
jii 4.0 acetate buffer to which had been added 0. lIZ NaNO 2 . 
Samples were taken at intervals and the bacteria were plated and 
assayed for survival. See Figure 20. Comparison with Figure 18, 
which illustrates T4 inactivation under the same conditions, reveals 
that the E.coli was very much more sensitive to the lethal action 
of NA than was T4. The reason for this in not known but it may 
be that a larger proportion of the killing of bacteria is due to 
non-genetic inactivation. 
Whatever the reason, the greater sensitivity of the bacteria 
does not augur well for an attempt to treat N tntrsc.11ularly. 
The phenomenon of the capacity of IN-killed E.coli to support 













already been mentioned (Boyle and Swenson 1971). Capacity of 
X-ray-killed ø.coli has also been demonstrated (Lathn et al. 1953; 
Pollard et al, 1958; Whitmore and Pollard 1958; Marsn at *1. 
1972) • The next experiment to be described was designed to test 
whether capacity is exhibited by Pa-killed E.coli. 
E.coli 13 was treated with NP. as described previously and 
Immediately after the treatment the bacteria were infected with 
T4hn4 at m.o.i. of about 0.5 in the presence of cyanide. After 
10 tathutos the cultures were diluted and plated against untreated 
E.coli H. In addition aliquots were taken and lysed with 
so as to assay the fraction of unadsorbed tagq. It can be seen 
from Table 38, that although NA treatment of E.coli did not inter-
fere with adaorbtion, those phage which did adsorb failed to 
develop. The itage survivors in the unlysod aliquots could be 
for 
almost completely accounted/by the unadsorbed phage, which would be 
indifferent to whether the host had been treated or not. 
In the final experiment in this section the phago were actually 
treated with NA during their intracellular growth. T4flat  was 
added to a culture of broth-grown E.coli B in the presence of 
cyanide and at low m.o.i. After 10 minutes the compllces were 
diluted into frebh prewarinod broth and were incubated for 5 minutes 
Ott 37°C at the end of which time they were further diluted into the 
usual NA reaction mixture. Samples were taken and plated against 
E.coli B either directly or after hating been prematurely lysed 
with CE13 . 
The results in Table 37 show that the extent of T4 inactivation 
was much greater in the intra- than extraceuular state. (The rate 
TABLE 36. Measurement of Ability of NA-Killed E.coli B to 
Support T4 Growth 
NA Treatment % Survival 
No. of T4 (pfu/ml) 
 
of E.coli (mine) of Bacteria -pCHC1 4 no _04C13 
0 100 7.1x104 6.7x106 
2.5 2.5 6.5x104 1.0x105 
5.0 0.0005 7.1,O.0 6.8x104 
TAKE 37, Survival of £4 Treated with NA intracellularly 
NA Treatment 	
No. of T4 (pfu/ml) 
of Complicea (mine) 	+QiC3 	no CHCI 
4.4x].02 	5.6x104 
	





of inactivation of extracellular atage can be estimated by the fall 
in titre of tnadsorbed phage. 
Given the findings from the preliminary experiments the most 
plausible explanation is that the killed bacteria cannot support 
the growth of the phags. Mother possibility is that in fact the 
phago are more NA-sensttive when in the intracellular state. 
In any event it was clear that it was not possible to do the 
intended comparison of In and 	inactivation when treated 
intraceflularly. 
The Effect of ha on the Specificity of Spontaneous and of NA-
Induced £ Mitants 
Because of the enhancing effect of M mutagenesis in the hm 
strain it was reasonable to ask whether this synergism was a general 
non-specific increase, or whether it involved a change in the 
specificity of the mutational spectrum. Complimentary to this was 
the need to determine the nature of the spontaneous mutant spectrum 
in this strain, given the higher spontaneous £ frequency in j. 
This is of interest in its own right. in addition if there is a 
difference in the spontaneous spectre of hm and 	then the NA- 
induced spectrum in hm may need to be adjusted by * correction 
factor Which takes into account the difference in the background. 
Two fairly large-scale experiments were performed to isolate 
and characterize t mutants induced In the two strains. The 
experimental procedure was the same as that described for the first 
forward mutation experiments on ha and hint. Both strains were 
treated to around 1% survival and tim was treated for the same time 
131 W. 
as gave 1 survival in .fl. 
The results of the two experiments appear in Tables 3$ and 39. 
These tables show the frequencies at the induced z mutants, the 
distribution of the Z's into genotypes and the reversion analyses 
of the rh's. The reversion analysis of transition rIl mutations 
was taken a step further compared to previous analyses in that all 
transitions were tested for their reversion response to BA. As 
has been mentioned those transitions which respond to 2-AP are 
mainly Al' mutants and among those which are induced to revert with 
5-BU there is a preponderance of mutants with QC at the mutant 
site (&tutz and Freese 1960; Champs and lbnwr 1962W Drake 1963). 
However a more rigourous diagnosis of the base pair at a transition 
site can be gleaned from the reversion response to HA; those which 
fail to be induced are AT at the mutant site and those which do 
show a response (a positive response was scored if reversion 
frequency was greater than 6-fold higher than spontaneous frequency) 
are GC mutants. The fact that Ilk under the appropriate conditions 
acts only on cytosine (5-UM in the case of 'N (Janion and Shugar 
1960)) has already been discussed. 
In this work, most of the rhl'.a which respond to s-al were 
also HA-revertible. 
It should be mentioned here that after HA treatment there 
appeared to be a larger surviving fraction in hm than in hM 	 This 
observation will be returned to later. 
Inspection of Tables 38 and 39 shows that although ILm exhibited 
a higher & frequency (both spontaneous and NA-induoed) than7, the 
relative proportions of the different £ genotypes were not modified, 
TABLE 38. Isolation and Characterization of M-Induced £ Mutants 
in the T4hm and T41un+  (1st Isolation) 
a), isolation of Mutants 
Time of 





Inspected rPlaques £ Frequency 
2.5x104 	8 	3.2xl0 
3,6,U0 48 1.3x10' 3 
bin 0 100 l.3x104 11 8.5xl0 
bin 5.0 8.6 l.2x105 326 2.7x10 
bin 6.5 1.3 1.6x105 497 3.lxl& 3 
Classification of r's into Genotypes 
Strain Treatment rl ilL tIll 
Nos. Nos. Nos. ¶4 
0 3 37.5 5 62.5 0 - 
5.0 28 58.3 16 33.3 4 8.3 
bin 0 5 45,5 5 45.5 1 9.1 
hm 5.0 105 67.9 81 25.1 17 1.0 
km 6.5 289 63.0 141 30.7 29 6.3 
Reversion Analysis of rIPs 
Class of Reversion Strain and Origin of Mutations 
hm+0 hnt5.0 bin 0 hm 5.0 bin 6.5 
High Reverting 1(20.0) 1( 8.7) O( - 	) 5( 9.8) 9( 7.4) 
No Reversion 0( 	- 	) 3(20.0) 2(18.2) 9(17.6) 17(14.0) 
Background 3(60.0) 9(60,0) 9(81.8) 9(17.6) 34(28.0) 
Reversion only 
With 2-A? 0( 	- 	) 0( 	- 	) 0( - 	) 10(19.6) 16(13.2) 
With 5-BU 1(20.0) l( 6.7) O( - •) 11(21.6) 27(22.3) 
With 2-Al' & 5-flu 0( - I 1( 0.7) 0( - 	) SC 5.9) 3( 2,5) 
With HA (only 
- 	) 0( 	- 	) 0(- ) 4(7.8) 15(12.5) transitions tested) 
Figures in brackets are the ¶4 of each class. 
TABLE 39. Isolation and Characterization of MAW-Induced .E  Mutants 
in T4i and T4j 4 and Analysis of Spontaneous 1 Mutants 
(2nd Isolation) 
Isolation of Mutants 
Time of P]aqyes 
Strain Treatment % Surv. Inspected r Plaques t  Frequency 
(mins) 
0 100 1.]x104 4 3.6x10'4 
50 1.9 2.0x10 5 . 	200 2.0x10 3 
tim 0 100 7.5x10 5 430 5.7x10 
tim 5.0 6.8 3.2,40 1364 4.3xlC3 
tim . 6.5 2.5 2.l10 921 4.6xl0 
Classification of r's Into Genotypes 
Strain Treatment ri ril nh 
Nos. tk Nos. 'Jo Nos. 'Jo 
liLt 0 4 100 0 - C - 
hm 5.0 247 61.6 122 30,4 32 8.0 
tim 0 156 36.3 244 56.7 30 7.0 
tim 5.0 781 58.6 430 33.8 101 7.6 
bin 6.5 576 64.7 246 27.6 68 1.6 
TABlE 39. Continued.... 
c) Reversion Analysis of rH's 
Class of Reversion 	Strain and Origin of Mutations 
	
hm'50 	hm 0 	hn 5.0 	In 6.5 
High Reverting 	28(23.1) 	37(16.0) 	79(21.0) 49(22.5) 





With 5-NJ & 2-AP 
With BA (only 
transitions tested) 
31(25.6) 13.6(56.7) 76(20.2) 51(23.4) 
20(16.5) 36(14.7) 108(28.6) 74(33.9) 
6( 5.0) 6( 2.5) 28( 7.4) 8( 3.7) 
7( 5.8) s( 2.4) 10( 2.7) 6( 2.8) 
7.4) 2.6) 28( 7.4) 3.7) 
Figures in brackets are the % of each class. 
d) Absolute Frequencies of the Different Frequencies of NA-Induced 
and Spontaneous rh Mutants in hrn and hm t 
Class of Mutation 	Strain and Time of NA Treatment 
hrn 4&' hmtO hm 0 hm 5.0 hut (3.5 
Deletion 2.9xl 6 9.OxJZ 5 1.3x155 1.lx1 4 7.lx1 8 




i.lsi6' 1.6x16 1.8x15 2.4xl54  2.4x154 
Transversion 
A - The data for this are taken from the spontaneously arising ru's 
which were analysed during the work in Chapter 2 in Results and 
which are shown in Table 13. 
B - rU's which were induced to revert with either base analogue. 
C - rU's which failed to be induced to revert with base analogues 
but did revert spontaneously. 
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there being an excess of r1l 's in the spontaneously-arising Km r 
mutants and an excess of We in the NA-induced mutants in both 
strains. 
The classification of NA-induced fli mutants with regard to 
their reversion characteristics shows that the increase in the 
frequency in the lint strain could not be attributed to a specific 
increase in one type of mutation but rather there was a general 
increase in all classes of induced mutations. there were very few 
spontaneous r1 l's in the hr  strain so no comparison could be made 
within these experiments of the types of spontaneous di mutants 
arising in the bin and hm strains. However a comparison of the 
patterns of reversion of the hm ru 's and the ru 's which arose 
spontaneously in the wild-type strain and which were analysed 
earlier (see table 13) shows that the contribution of transitions 
amongst the spontaneous rEt's in hm was greater than in the dl's 
arising in the wild-type strain. This is in agreement with the 
findings of Drake (1973). However, when the classification of 
the NA-induced rIPs in the two strains was corrected for this 
difference in spontaneous spectra this did not alter the initial 
conclusion i.e. that the increase in the NA-induced frequency was 
a general rather than a specific one. 
Mapping of the r1I mutants was done in the usual way. The 
spontaneous hnrii spectrum comprised mutants obtained in the two 
experiments and is given in Figure Ri in conjunction with the 
spontaneous spectrum obtained by Denzor (1961). The two spectra 
are similar but they do exhibit some differences. 
The relative contributions of the two very large hotapots of 
Figure 21. 
Representation of the Spectrum of Spontaneous ru 
Point Mutations in T4hm 
The numbers above the lines:— T4rllhmniztantu. 
This map differs slightly from the previous ones in that 
the numbers below the line represent the spectrum of 
spontaneous rU's shown in Denser (1961). 
The fact that I possessed very few representatives of the 
sites in Benzer's map meant that in the majority of cases 
no alignment between his sites end mine could be mede. 
Therefore the fact that most sites in the two spectra 
are not aligned, does riot mean that the sites are in fact 
different, only that in most oases the comparison was 
impossible. 
Figure 21. 
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flenzer (r11131 in A6c and rilU? in 81) were less in the fim strain 
and the botapots rIIfl4 and rliN24 assumed greater importance, in 
addition there was a botepot in region A2g-h1. in lienzer's spon-
taneous map (based on about 5 times as many mutants) there is one 
site represented by S mutants. The botspot in the hmrli spectrum 
at this region is therefore some .10 UVCS hotter than the one 
reported by Ibnzer. All the mutants at this site were transitions 
and were induced to revert with hA. Given this last fact it is 
not irrelevant to note that S3nser's (1961) 2.-AP induced spectrum 
shows a marked hotapot in A2g. Unfortunately a representative of 
this site was not available so it was not possible to determine 
whether this 2-Al' hotepot and the in spontaneous hotspot mapped at 
the same site. 
The naps of the NA-induced HI spectra of the tim and hn  strains 
are found in Zigures 22a and b. Each map comprised mutants ob-
tamed in the two experiments, and for the map of rI! 'a in the fl 
strain the mutants induced at both doses of M were pooled. This 
was felt to be legitimate since the spectra obtained from the 
individual treatments were similar. Figure 22* shows that the 
spectrum of NA-induced HI point mutants in the fl, strain did not 
differ in any striking way from that . found in hm and both spectra 
are in accord with that shown by lienr (1901). All the pj 
induced rII deletions in the hi  strain and & sample of 24 deletions 
Induced in hm were mapped. Both maps are in agreement with previous 
work and with Tessman (1962) in that the majority of the deletions 
extended to the right of the ruB cistrat. 
The implications of these results on the effect of the ba 
Figure 22tt. 
Representation of the Spectra of rfl Point Thitations 
by NA. in T4hm and T4 
Legend:— As for Figure 5a. 
Numbers above the lines.— NA—induced T4rIIhm mutants 
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Figure 22b. 
Representation of the Dimensions of rII Deletions 
Induced by NA in T4bil' and 'T41 
Legend-- As for Figure 5b. 
Above :- Deletions induced in T 
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mutation on NA-mutagenesis will be discussed later after consider-
ation of further work on this strain. 
comparison of Survival of TAh_m and T4 -' after Treatment with Other 
Agents 
Having shown a marked difference in the sensitivities of the 
two strains to NA inactivation and possibly to HA it was thought to 
he worthwhile to see if killing of hn and !' by other ants also 
differed in severity. 
Only a few of all the possible aynts were chosen. All had 
been shown to be lethal to T4 and most of them are known to induce 
genetic damage to phago. 
ILA 
Both hm and hmt strains were treated with HA as described in 
Materials and Methods. Samples were taken at intervals and plated 
against E.coli B to assay survival. From Figure 23 it can be 
seen there was indeed a difference in the two strains. Both were 
inactivated exponentially but the elope of the killing curve was 
greater for frjt  phage than for ma such that at the highest dose 
(76 hours) the surviving fraction in the hm strain was about a 
hundred times greater than in the wild-typo. The extent of the 
resistance to HA found in the Jim strain was approximately the same 
as that found for NA inactivation. 
3 
Both strains were treated with UV as described in Materials 
and Methods. Samples were taken after various times of irradia-
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estimated. Figure 24 shows that there was no difference in the 
sensitivities of the two strains towards UV. This is in agreement 
with Drake (1973). 
float 
The dotails of the .inactivating effects of high temperature on 
P4 are not known. In bacteria, mutations and depurinations can 
readily be induced by heating (ZneethI and Cheer 1953; Zanenhef 
1960; Greet and Zaaenhof 1962). The mutagenicity of high tempera-
ture treatmentmof T4 has not been assayed, but it has been demon-
strated that medium-level beating (450C) especially in acid condit-
ions can be rautagenic to T4 (Freese 1961; Drake .1966a). 
It is quite likely that a substantial fraction of the inactiv-
ation of N is due to effects of heating on protein structure. 
Indeed the rate of phage inactivation fits well with that which 
would be expected if denaturation of protein were responsible 
(Macs 1059). There is indirect evidence that such denaturation 
does not involve the phage tail, fibres (Macsot 1957). 
The phage of the two strains were subjected to hating at 700C 
as described in Materials and Methods. No real difference in the 
rates of inactivation of the two strains could be detected. See 
Figure 25. 
Bisuinhite 
It was mentioned in the Introduction that bi.gulphite can act 
on cytosine in single-stranded regions tRNA, converting it to 
uracil (Goddard and Schulman 1972) and in addition it has been 
shown to modify uridine residues (Shapiro and Braverman 1972; 
Figure 24. 
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Wataya and ligyatsu 1972). 
It has also been shown to be mutagenic in bacteriophages lambda 
(Ilayatsu and Miura 1970) and T4 (Summers and Drake 1971) and in 
E.coli (gukai at ale 1970) the mutants induced being almost 
exclusively GC -tAT transitions. 
The two strains were treated with sodium bisuiphite as sc-
ribed in Materials and Methods and were assayed for survival on 
E.coli B. Figure 26 shows that there was no difference in the 
sensitivities of the hm and tint  strains to bisuiphite. 
(e) 
This alkflating agent is moderately lethal to Itage W. A 
large fraction of the lethality can be attributed to genetic 
damage since EMS-inacttvated phage show strong multiplicity reac- 
tivation (Ray, Irtenstein and Drake 1972). Chemical studies also 
indicate a genetic target (Brookes and Iawley 1963). In addition 
the rates at which T4 is inactivated by EMS have been shown to be 
affected by both viral and host genotypes. The T4A  strain shows 
greater EMS sensitivity than does wild-type. Mutations in both 
the T4 and the E.coll. DNA polyrnerase loci also renr the phage 
more EMS-sensitive (Ray, &rtenstein and Drake 1972). 
However, the him mutation appears to have no effect on the 
rate of EMS inactivation as witnessed by the similarities in the 
killing curves in the flu, and hm strains shown in Figure 27. It 
is hence reasonable to assume that the EMS sensitivity found in the 
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Effect of Host Genotypeson Inactivation of Whn and 
The survival of T4 after treatment by agents such as UV and 
photodynamic action is influenced by host genotype to a much lesser 
extent than is most phage. Most notably the sensitivity of irrad-
iated T4 is refractory to host cell reactivation (Ran 1968 and 1973) 
unlike other Viragos such as lambda and the T-odd coliphages (e.g. 
Geissler 1908). 
However 'N sensitivity to UV is increased when the host is 
defective in the Kanberg polymerase (Smith et al* 1870). 
As already mentioned host genotype has also been shown to have 
an effect on the rate at which T4 is inactivated by EMS (Hay, 
Bartenstain and Drake 1972). These authors also reported a 
synergistic effect on EMS sensitivity between certain phage mutat-
ions and specific mutations in the host. 
It was decided to examine the effects of different host geno-
types on the survival of the hut and fl strains after they had been 
treated with the agents described above (except heat) and with MA 
to we if the two .phagns responded differentially in various repair-  
deficient boats. 
The strains of repair-deficient hosts were all derivatives of 
E.coli WP-2 and were as follows. 
(a) 01561. This strain carries a mutation at the exr locus 
(Mattern at al. toes) and was initially isolated by Hill (1958) as 
a UV- ensitive mutation. It has slightly reduced recombination 
frequency (Howard-Flanders and Boyce 1966) and it entirely abolishes 
IN mutagonosis. Wltkin (5' has rather speculatively suggested 
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that the wild-type pxr gene product attaches to the ends of DNA 
adjacent to gaps and stimulates recombination repair of UV-induced 
damage and that it causes errors in the repair. 
C11571. This strain possesses a mutation at the recA locus 
which renders it UV-sensitive due to an inability to carry out 
recombination repair of UV-induced damage to D.M. The reck mut-
ation is characterized by its IN-sensitivity, an increase in DNA 
degradation after UV-irradiation, a markedly decreased recombination 
frequency, and decreased rates of IJV-iuduction of bacteriophage 
lambda (Clark and Margulies 1965; Howard-Flanders and Theriot 1966; 
Clark at al. 1966; Clark 1967; Brooks and Clark 1967; flertinan and 
Luria 1967). Like the exrA mutation the reck mutation also causes 
a loss of UV mutability (Witkin 1967). 
WIN vyrA. This strain carries the uvrk allele and is IN-
sensitive due to an inability to excise damage inflicted on DNA by 
UV (Boyce and Howard-Flanders 1964). 
(u) eMail. this is a double mutant carrying both the ezrA and 
UVrA alleles. 
Both hm and htn phage were treated with the same agents as 
were used in the section above, i.e. NA, NA, Liv, bisuiphite and 
EMS. The treated phage were plated against the E.coli repair-
deficient strains and also against the parental t?P-2 strain and 
E.coli B. it was found that the killing kinetics of both phage 
strains in response to all the agents tested cinc*pendent of the 
host genotype used. Thus the hl strain maintained its resistance 
to Ilk and NA in all hosts tested. 
To my knowledge there are no reports dealing with the effects 
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of host genotype on the inactivation of 14 by NA, HA or bisulphite. 
Ray, Bartenstein and Drake (1972) found no effects of exr, her or 
recA mutations on the rate of EMS-inactivation of 14. The refrac-
toriness of the effects of most changes in host genotype on 14 
survival after UV has been mentioned. 
In the light of the comparative independence of bacterial 
repair shown by 14 the failure to detect any changes in the survival 
of the hm and hmt  strains in the different hosts used here was not 
too surprising. it should be said here that wider exceptional 
conditions of infection (in the presence of chioramphonicol), nicks 
in 14 DNA can be repaired by the bacterial repair system. Intern-  
tingly, when the complices are released from chioramitenicol inhib-
ition, the 14 system acts on the host-mediated repair (Carlson et al. 
1973). 
Reversion Studies in T4hnt and P4kmt 
Although forward mutation studies on the system have the 
greater potential .f or providing information on mutagen specificity, 
they are clearly unwieldy compared to reversion experiments. This 
is especially true if, in addition to measuring the frequency of 
forward mutants, the mutants are also classified into the £ toci, 
and into sites within the vU locus. Time did not allow forward 
mutation studies in the Lim and lim strains to be done with all the 
mutaguns described below. 
It was therefore decided to compare the response ttra selection 
of mutagens of a number of Hi mutants in the hm and hnt  backgrounds. 
Since all the muta.gens to be used induced base-pair substitutions 
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predominantly, rII transition mutants were used as tester strains. 
Four independent HI 'a isolated after NA mutagenesie of the j 
strain were chosen since they had acceptably low spontaneous rever-
sion frequencies and they were judged to be transitions on the basis 
of their positive responses to base analogue reversion spot-tests. 
Two of then (coded lit and 124) were induced to revert with HA and 
were classified as possessing GC at the mutant site. The other 
two (14A and 181) failed to respond to HA and were typed as AT 
mutants. 
In order to get each HI into the wild-type genetic background 
repeated backcrossing was carried out. E.coli B at ZxlO 
81m1 was 
Infected simultaneously with T4hrtrt  at about SxlO8/ml and the 
appropriate t4hmrII at about 5x10 7/ml in the presence of cyanide. 
After 12 minutes the culture was diluted into fresh broth and was 
incubated at 370C for 60 minutes before lysis was completed by the 
addition of awl3 . The pl'tag'e were then plated on E.coli B. 
After incubation, an z  plaque was picked from the plates and 
used to infect a culture of E.coli BB so as to give an ITS. 
Using the rh's from each LI'S a new cross between each mutant and 
the rhuitt strain was performed, and the whole procedure described 
above was repeated. Altogether eight serial backcrosses were 
carried out. After the final backcross five HI plaques from each 
strain were used to set up Li's's. 
To test whether the hm allele had been lost during the back-
crossing, each of the original hmrhl stocks, the original wild-type 
strain and all the LTS's of the backcroseed vIZ 'a were treated 
with HA and NA and the rates of inactivation of all the strains were 
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measured. It was found that for both agents, the survival curves 
of all the backcrossed rII mutant, were very similar to that of the 
original hri1 rt strain and hence were more sensitive than the original 
hmrll straits, suggesting that the ha allele (or the allele respon-
sible for conferring NA- and HA-resistance in the hm strain) had 
been lost in all the strains which had been subjected to backcros-
sing. One LTh of each bsckcroesed HI mutant was grown up to high 
titre for further studies. 
The general procedure for the reversion studies was to treat 
the HI's in both the ha and Mm  backgrounds. The mutagenized 
phage were then plated on E.coli B to measure survival and on 
E.coli W180. The phage were either plated directly on E.coli WØSO 
or else were adsorbed to a permissive host so as to allow the 
mutagenized phage a cycle of growth before plating on the restric-
tive host. In order to test whether the genotype of the host 
modified the reversion frequencies induced in hm and 	a variety 
of E.coli strains were used as hosts for this growth cycle. These 
were E.coli B. E.coli WP-2, and the four repair-deficient derivatives 
of WP-2 catalogued above • In fact the results of the reversion 
experiment, for both phage strains and for all mutagens tested were 
shown not to be affected by the genotype of the bacteria in which 
permissive growth was allowed. Accordingly only the results of the 
experiments in which E.coli B was used as host will be given. 
(a) NA 
Each rII mutant both in the tim and hm+  strains was treated for 
4.5 minutes with M in the usual way and the survivors were assayed. 
The treatment was stopped by diluting directly into cultures 
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of Leoli (at about 4x108/ml) in broth and in the presence of 
cyanide at m.o.t. of about 0.5. Where plating for .revertants was 
done directly, the bacteria in tie stopping broth were Ecoli W180. 
If a cycle of replication was allowed, E.coli. 13 was used. In this 
latter case the samples were diluted a further 1/50 once adsorbtion 
was complete as as to ensure that the vast majority of plating 
bacteria were E.coli W$80. in a similar study, Raut-Yxeose and 
Freese (1961) killed the E.coli I) with UV prior to phage adsorbtion 
to ensure that the permissive host contributed very little to the 
restrictive bacterial lawn. However the technique used here was 
quite satisfactory although it did entail the need for a larger 
number of reversion plates because of the lower phage density. 
It has already been shown that NA treatment of P4 did not 
affect .adsorbtion ability. Thus one can be sure that the great 
majority of phage adsorb to the permissive host ensuring that a 
round of growth of the survivors does indeed occur. In parenthesis 
It should be mentioned that the effects of the other events to be 
described below (HA, EMS and bisulphite) on adaorbtion were measured. 
None of them had any inhibitory effect on the rate of sdsorbtion. 
It has been postulated that at low concentrations HA attacks t4 
tail fibres but that this effect disappears at higher HA conan-
trations (Kozloff, Lute and Henderson 1957). 
ibble 40 shows the results of the NA-ónduoed reversion experi-
monte. In general the spontaneous reversion frequencies were 
higher when replication was allowed before plating on E.coli WñSO. 
This is to be expected and is in agreement with Bautz-Freese and 
Freese (1981) and Freese, Bautz and Dauta-Freepe (1961). Each 
TABLE 40. NA-Induced Reversion of rll 'a in lint and lvm4 Backgrounds 
rIl Strain NA Cycle of Growth T Surv, Revertabts Rev. Freq. 
hrirhl lie - No too 47 6.9x10 7 
+ No 10.1 237 
- Yes 100 29 1.8x10' 6 
+ Yes 10.1 251 3.1x10 
hntrih iie - No 100 42 3.5x10 7 
+ No 0.91 176 2.8x10 
Yea 100 36 5.8x10 7 
+ Yes 0.91 212 6.24(f 6 
hmrhl 12J - No 
L 	
100 78 1.3x1f6 
- No 9.6 361 1.6x10 5 
Yes 100 108 2.4x10 6 
+ Yes 9.6 518 2.5x10'5 
hm*rhh 12J - No 100 37 9.4x1C7 
• + No 0.66 184 6.6x106 
- Yes 100 62 1.8x10 6 
+ Yes 0.86 300 7.6x10 6 
hmrll 14A - No 100 25 2.0x1C7 
+ No 15.2 211 3.5x10 6 
- Yes 100 31 2.6x1& 7 
+ Yes 15.2 474 9.1xl0 6 
hrntrll 14A - No 100 30 1.1XIO -7 
+ No 1.6 209 6.lx10 
- Yes 100 2.53(10 
+ Yes 1.6 315 2,4x10'6 
Continued..... 
TABLE 40, Continued..... 
HI Strain Cycle of Growth % Surv. Revertants Rev. Freg. 
tin HI 154 r No 100 37 6.5iU0 
No 12.6 248 7.2x10"6 
- Yes 100 68 2.lxlO' 6 
+ Yes 12.6 516 6.2x10 
hm'II 151 - No 100 28 2.3xl0"7 
+ No 1.4 186 2.1x10 6 
- Yes 100 42 7.bc10 7 
+ Yes 1.4 257 9.8xlO6 
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E .coli. B cell which was infected with a viable phage will contain 
many progeny at the end of the latent period and it needs only one 
spontoneously-arising revertant amongst the progeny for a revertant 
plaque to be scored. However since the infected cells were plated 
prior to lysie the number of infective centres is the same whether 
the $iage were allowed a cycle of growth or not and thus the rev-
ersion frequency as measured by dividing the number of revertants 
by the number of infective centres should be greater where growth 
was allowed. The fact that Kraig (1963) and Green and Kreig (1961) 
found no increase in spontaneous reversion frequencies of r1 l's 
after allowing a cycle of growth was probably due to the fact that 
the $iage had lysed before being plated on the restrictive host. 
Whether the itage were plated directly or were allowed a cycle 
of growth, it was found that the spontaneous reversion frequency of 
any given i'll mutant was higher in the hm than in the hm strain. 
This applied for all four i'll mutants and was found in the controls 
of all the other mutagenic treatments described below. 
Turning to the ta-induced reversion frequencies, it was found 
that here too the frequencies of revertants were increased in those 
treatments whore a round of growth was allowed. This enhancement 
held after correction for the higher spontaneous reversion fre-
quencies found under such conditions, 
This suggested that a proportion of NA-induced lesions 
required replication before they could be expressed as mutations. 
the 
This is in agreement with/findings and conclusions of Thtutz-Freeee 
and Freese (1901). 
In order to we more clearly the effects of the In mutation 
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on the NA-induced reversion frequencies, the results have been 
expressed as the ratio of reversion frequency in the hm strain over 
that found in the hm strain. The ratios of the induced reversion 
frequencies have been corrected for spontaneous reversion. 
Table 45 gives these ratios as well as those obtained with the 
other mutagens used in this study. 
It can be seen that for all the rIPe the reversion frequency 
induced by NA in the hin strain was greater than that found in the 
strain. In a repeat of this experiment, such synergism was 
again found, the ratio never being less than 3.0. The extent of 
the increase for all the strains was approximately the same and was 
not much influenced by the phagus being allowed a cycle of growth. 
The fact that the enhancing effect of hm NA nutagtoeeis 
operated in both forward and reveres directions is good evidence 
against selection for or against z mutants being a factor in the 
synergism. 
(b) HA 
All the ru 'a were treated with BA for 36 hours in the way 
already described. After termination of the treatment the 
experiment was performed in the way described for NA sutagenosis. 
Tables 41 and 45 show the results. As was to be expected, only 
the UC mutants (11C and 123) were induced to revert with HA, lije 
frequencies of Induced reversion of both these HI 'a were somewhat 
higher if the phage were passaged through E.coli B. Such an increase 
was also noted by Freese, Itutz and Bsutz-Freese (1961). 
The ratios of the corrected HA-induced reversion frequencies 
of HI's UC and 12J in the hm and hm strains are given in Table 450 
TABLE 41. HA-Induced Reversion of ru 's in 
+ 
hut and hm 	Backgrounds 
rIl Strain HA 	Cycle of Growth % Bury. Reyertants Rev. Freg. 
hmrll X1C - No 100 68 8.9x10 7 
+ No 0.3 247 83x10 6 
- Yes 100 52 7.5x10 7 
+ Yes 9.3 315 9.9x10 6 
hm+rII 11C - No 100 95 3.Oxl0 
+ No 0.82 186 6.8x10 6 
- Yes 100 64 9.2x1&' 7 
+ Yes 0.82 375 1.2x10 5 
hmril 121 - No 100 47 9.4x10 7 
No 11.6 325 2.7x10 5 
- Yes 100 71 2.6x10' 
+ Yes 11.6 218 3.7x10' 5 
hintrul 12J - No 100 56 2.1x10 7 
+ No 1.2 95 j.Oxj0' 5 
- Yes 100 74 7.2x10 6 
+ Yes 1,2 134 3.5x10"5 
hmrll 14A - No 100 29 1.5x10' 6 
+ No 14.1 93 2.1x10' 6 
- Yes 100 41 4.9x10 6 
+ Yes 14.1 172 6axl0 
14A - No 100 20 2.7x10' 7 
+ No 0.71 74 1.7x10 
- Yes 100 41 7.1xl&'7 
+ Yes 0.71 80 8.4x10 7 
Continued...... 
TABLE 41. 	Continued..... 
rll Strain RA Cycle of Growth % Surv. Revertants 
hmrii 151 	- 	No 	 100 	37 
+ No iLl 94 
- 	 Yes 	 100 	 41 
+ Yes 11 1 1 	152  
Rev. Freq. 
8 .2x10 
7. 1x10 7 
1.. 4xUf 8 
9. 9x1O 
hJ +r1! 151 	-. 	No 	 100 	19 	2.OxiC7 
+ No 0.53 28 1,7x10 7 
- 	Yes 	100 	65 	4.5x10 7 
7 + 	 Yes 	 0.33 	 74 	6.9x10 
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and can be eon to be close to unity. It is clear that the hm 
mutation had no effect on HA-induced reversion of CC mutants. The 
fact that the two AT mutants. in the Am strain were not induced to 
revert shown that no change in mutational specificity was. engendered 
by Irn. It should be pointed out that the rh 'a were initially 
classified as AT or DC on the basis of their response to HA. 
(c) Bipuirtite 
The i'll 0s in the two. strains were all treated with bisuiphito 
for five hours. After stopping the treatments the phage were 
added to the appropriate bacteria and plated us already described. 
In agreement with Summers and Drake (1910), only the (IC mut-
ants were induced to revert by this agent. As in the case of BA, 
the fact that the AT mutants failed to respond in both 	and 
strains points to the failure of hm to change the specificity of 
bisulphite mutagenesi.. See Table 42. 
As was found for NA and HA, the frequency of induced revert-
ants of rU's liC and lfl was increased after acjcle of growth in 
E.coli B. 
From Table 45, it might be inferred that if anything, fl 
antimutated the action of bisulphite, since three of the four 
ratios were around 0.5. The ratios found when growth was allowed 
on the repair-deficient strains were around unity. In fact when 
the experiment was repeated (twice) using only E.coli 13 as the 
host for the cycle of growth the ratios were found to be about 
one, suggesting that the apparent antimutagenic effect of hm on 
bisulphite was due to sampling. 
TABLE 42. Ilisuiphite-Induced Reversion of nj s in hm and 
Backgrounds 
Bisul- Cycle of 
rll Strain phite Growth V. Bury. Revertants Rev. Freq. 
hmrli 1W - No 100 42 6.4xVf7 
No 2.4 341 3..2x10 6 
Yes 100 28 1.2x10 
+ Yes 2.4 471 5.1x10 
bm +rfl 11C - No 100 37 2.1x10 7 
+ No 1,6. 214 4,0x10 6 . 
- Yes 100: 48 9.4x10 7 
Yes 1.6 371 8.lxlO 6 
hmnil 12.1 . - No 100 56 1,1x10 
+ No 3.9 238 9.8xlO' 6 
- Yes 100 71 23,c10'6 
+ Yes 3.9 383 1.9x10 5 
hmriI 12.1 - No 100 71 3.1x10 7 
+ No - 	5.3. 464 1.1.x10 
- Yes 100 103 8.1x10 7 
+ Yes 5.8 432 1.5x10 5 
hmril 14A - No 100 29 2.8x10 6 
+ No 3.0 38 3.6x10 6 
- Yes 100 42 8.2x1fl 
+ Yes . 3.0 57 7.4x10 6 
hm +rjj 14A - No 100 36 7.8x].0 7 
• + No . 	1.8 28 
- Yes 100 41 3.4x10 6 
+ Yes 1.8 26 5,2x11f6 
Continued..... 
TABLE 42. Continued..... 
Bisul- Cycle of 
rII Strain 	phite - Growth Va Surv. Revertants Rev. Freq. 
hnrll 151 	- No 100 142 5.8x10 7 
+ No 2.4 148 7.lxlO -7 
- Yes 100 136 2.8x106 
+ Yes 2.4 95 2.6xl0 6 
hm%i1 151 	- No 100 72 1.2l0 
+ No 5.1. 88 1.9x10 7 
- Yea 100 182 7.3xl0 
4 Yes 5.1 231 9.2x107 
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EMS 
The jtage were treated with EMS for 90 minutes as described. 
After stopping the reaction the $iage were added to the bacteria in 
the same way as was done for the previous mutagenic treatments. 
See Table 43. In agreement with Kreig (1963) the GC mutants were 
much more amenable to EMS-induced reversion than were the AT mutants 
though the latter group did flow some response to this agent. In 
addition the GC mutants profited most (in terms of increased 
reversion frequency) from the cycle of groth in E.coit fl. 
The effectiveness of EMS mutagenesis for any given rfl mutant 
was the sans in both the bin and b'n strains whether a cycle of 
growth was allowed or not. See Table 45, 
5-13U 
Each of the $iage strains was adsorbed to SUM-grown E.coli 8. 
After 10 minutes the complices were diluted into fresh SUM containing 
5-33. Each aliquot was immediately split into three (aliquots a, 
b and a in Table 44.) and the experiment was performed in the normal 
fashion for 5-BU reversion studies. Clearly the option of direct 
or indirect plating which was available for those sutagens admin-
istered extracellularly did not apply for 5-9U. For the calcula-
tions of the ratios in Table 45 the mean value of each set. of three 
estimates was used. This was felt to be legitimate since no 
obvious jackpot was found in any of the aliquots. 
Although all four riPs in both the !ia and ILm strains were 
5-flu-revertible, it was the two DC mutants which showed the 
strongest responses. This is in keeping with several reports on 
specificity of 5-BU mutagenesis in T4 (Dautz and Freese 1960; 
TABLE 43. EMS-induced Reversion of vU 'd in bin and 	ckgrounds 
rIl Strain EMS> Cycle of Growth '4 Surv. Revertants Rev. Freg. 
hinril lie - No 100 64 4.9xt07 
+ No 21.8 486 8.6xlcf6 
- Yes 100 126 7.110 
+ Yes 21.8 571 3.5x10 3 
hmr11 11C - No 100 31 1.2x10 7 
+ No 14.6 248 7.Ox10' 6 
- Yes 100 39 2.1x10 6 
+ Yes 14.6 414 4.6x1 5 C 
hmrull2J - No 100 62 7.1x10 7 
No 17.9 288 1.2x10 
- Yes 100 131 2.4x10 
Yes 17.9 389 7.9xlE 5 
hm +ruj 12J - No 100 34 1.6x10 7 
+ No 26.4 61 94x10 
- Yes 100 79 4.2x10 7 
+ Yea 26.4 71 3.8x10 5 
hrnril 14A -. No 100 77 2.4x10 6 
+ No 20.1 304 1.2x10 5 
- Yes 100 133 4 .6x10 6 
+ Yea 26.1 322 1.9xlcf'5 
hmSuI 14A - No 100 45 3.5x10 7 
+ No 16.2 186 1.9z10 5 
- Yes 100 73 6.5x10 7 
+ Yes 16.2 290 1.9x10 5 
Continued...., 
TABLE 43. Continued..... 
nj Strain 	E!C Cycle of Growth 'V. Bury. Revertants Rev. Freq. 
hnrII 151 	- No 100 34 6. 1x10 7 
+ No 17.4 281 2.7x1O 
- Yes 100 41 5.8x10'7 
+ Yea 17.4 341 2.6x10 6 
hm +rII 151 	- No 100 53 1.9x10 7 
+ No 15.6 64 1.6x10 6 
- Yea 100 206 4.lxlO"7 
+ Yes 15.6 356 3.5x106 
TABLE 44. 5-al-Induced fleversion of rH's in hm and hm Backgrounds 
rll Strain 5-31 Aliquot Ilevertants Rev. Index 
lwtrjI 11C - a 68 3.2x1O 7 
- b 31 4.Ox]0' 7 
- C 60 8.1x10 7 
a 568 l.8x10 
+ b 407 8.7xlO' 5 
+ 0 503 1.Ix1O 
+ 
hmrli 1K - a 21 1.6x10 
- b 31 2o2x1C7 
- c 31 2.7x10 7 
+ a 236 346x10 5 
+ b 195 •2.flxlO -5 
+ c 404 
hnrll 12J - a 62 1.6x10 6 
- b 40 8.7x10 7 
- C 44 9.5x10' 7 
+ a 723 4.2x10 
+ b 648 3.9x10 
• + c 938 5a6x10 
+ 
bin ft 123 - a 51 
.7 3.SxIO 
- b 106 5.5X10 -7 
- C 158 
+ a 286 7.8x].0 5 
+ b 533 1.2x10' 
+ C 371 9.4x].0 5 
Continued ..... 
TABM 44. Continued..... 
rll Strain 5-RU Aliquot Revertants Rev. Index 
hnrll MA - a 24 2,3xl(f 7 
-. b 52 4.8c10' 7 
- . 	c 47 5.6x1O 
+ a 309 8.6x10 6 
+ Ia 586 1.3x10 5 
+ C 352 9.8xiif 6 
hnirII 14A - a 12 1.1x10 7 
- Ia 27 2.8x10 7 
- c 30 3.7x10-7 
+ 9 186 2..5x10- 6 
+ Ia gs 1.1x10 6 
+ c 271 3.9x10 6 
hmril 151 - a 71 $.8x10 7 
- Ia 83 8.ixiC7 
- C 36 4.4x1O 
+ a 203 6.2xlO -6 
+ ta 299 9.4x10'6 
+ C 271 8.lxlO 6 
hm+ruI 151 - a 42 3.,1x10'7 
- b 21 
- c 28 1.8x10' 
+ a 126 2.4x10-6 
+ Ia 171 3.1x10 6 
+ c 87 1.6x106 
TABLE 45. Ratios of Induced Mutation Frequencies (Corrected for 
Spontaneous Reversion) of the r1 l's in the hm Strain 
over the Frequencii?sin the h -n e Strain 
Strains 
Mütaqen 11C 12J 14A 151 
P. £. £. 2 	£ 
NA. 3.1 5.2 2.6 4.0 6.7 	4.2 3.4 	6.0 
HA 1.1 0.84 1.6 1.2  
EMS 1.2 0.81 1.2 2.3 0.67 	0.83 1.5 	0.71 
Bisülpblte 0.68 0.54 0.54 1.2 - 	- - 	-. 
s_aDA - 33 - 47 - 	4 -. 	33 
U Directly plated. 
C - With cycle of growth before plating. 
A - The figures for calculating the ratio of 5-NJ nutagenesia in 
the two strains were taken by averaging the three aliquots for 
each treatment. 
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Champs and I3enzer 1962b; Drake 19831 Drake and Greening 1970). 
Table 45 shows that the 5-BU-induced reversion frequencies of 
011 four rII mutants were higher in the hm than tntthe hri strain. 
A replicate of this experiment gave essentially the same result 
i.e. an approximately five-fold increase in the induced reversion 
frequencies of both the AT and the GC mutants in the hm strain 
compared to 
In summary the reversion experiments performed here have shown 
that of the mutagens tested, only -W and NA showed an increased 
potency in the jhm strain. The enhancement applied to both classes 
of transitions and in the case of NA, did not depend on a cycle of 
growth before plating on the restrictive host. 
The implications of the synergism between hm and those two 
mutagens will be discussed later in conjunction with the other 
aspects of the phenotype of the jj strain. 
Is One Locus Responsible for all the Phenotypic Changes in T4? 
Throughout the work on the hm strain, it has been tacitly 
assumed that a single mutation was responsible for all the changes 
in phenotype observed in this strain, and further that this 
mutation was at the hm locus. Finally and perhaps a little 
belatedly, this assumption was tested. 
The procedure was to cross the M strain to the wild-type 
and then choose those progeny which possessed one of the characters 
of the j  strain. The appropriate product of the cross was then 
used to repeat the procedure so that a series of backcrosses to 
wild-type was performed. 
- 	 - -. 
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None of the parameters which distinguished the two strains 
was amenable to screening, SO the protocol was somewhat laborious. 
The character chosen was the comparative resistance of the hm 
strain to NA as this was reasonably easy to measure and also because 
the difference between the two strains in this charac&r was striking. 
The actual protocol used was as foflows. 
E.coli B was jointly infected with hm and 
)%1flt 
 (both 	at 
multiplicities of about 3.0 each in the presence of cyanide. The 
complces were diluted into fresh broth, and after an hour's incu-
bation at 370C, lysis was completed with Old 3 and the stage were 
plated on E.coii B. After incubation, 12 isolated plaques were 
picked and each was used to infect an early exponential culture of 
E.coli 69 and high titre lysates were grown up. Each lysate was 
than treated with NA for 4.5 minutes and the pha, both treated 
and untreated were plated on E.coli S to assay survival. The 
survival levels of the lysates fell into two classes (about 15% and 
about 1%) which corresponded to those expected for Im and hm resp-
ectively.. One of the lysates with the higher survival Level was 
chosen as one of the parents in the second backcross to the wild-
type strain. The whole procedure was repeated a total of nine 
times. 
After the final backcross, one of the lysates of NA- resistant 
phage was plated on Lcoli a and five young plaques were picked and 
used to initiate fresh high titre stocks. Each of these five 
lysates was then assayed for spontaneous £ frequency and the one 
with the lowest was chosen for further study. 
A comparison was made between this strain (designated hm be), 
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the original Pin strain, and the bm wild-type strain, in which the 
lethal action of HA, the spontaneous and the NA-induced £ frequencies 
were measured. 
Table 46 shows that the he be strain behaved in almost Identical 
fashion to the original hm strain in all these parameters, sugges-
ting strongly that one mutation was responsible for then, as well 
of course for the NA-resistance which was the selected character 
in the tmckcrossing, although the possibility of a series of very 
closely • linked mutations is not completely excluded. 
If however it is to be believed that a single mutation was 
responsible for the phenotypic changes which 1 observed in the J 
strain, the question of whether the mutation is in fact at the 
liii locus still remains. Drake (1973) used the increased levels 
of 2-AP mutagenesis as one of the criteria for diagnosing. the 
presence of the Pin mutation, and this parameter was chosen as the 
one to link Drake's observations with mine. 
In the sect-ion which dealt with the effects of In on induced 
reversion of rIl mutants, the procedure for getting the r1 l's into 
different genetic backgrounds was described, it will be remembered 
that two of the riPs (14A and 151) were judged to be AT transitions 
since they failed to respond to HA but did respond to 2-AP in 
reversion spot-tests. Those two ri! 's were serially backoroseod 
eight times from the original fl, strain to the .bm be strain. Thus 
these rfl$ existed in the tim, the h and the hm be backgrounds. 
The 2-AP-induced reversion frequencies of both rU's in all 
three backgrounds were measured, the experiment being performed in 
the way described in Materials and Methods. Table 47 shows the 
TABLE 46. Comparison of the Strains T4hm, T4hm t and T41im be 
a), Inactivation by NA 
ra Treatment 	 Strain T Survival 
(rains) + 
tim 	hn 	hmbc 
0 	 100 	100 	100 
4.5 	 12.1 	0.95 	13.2 
b).. Spontaneous and NA-Induced t Frequencies 
NA Plaques 
Strain Treatment % Surv. Inspected r Plaques £ Frequency 
imins) 
hm (I 100 3.2x104 15 6.8xlO 
4.5 12.1 2.2x104 65 2.9x10 3 




tiN be 0 100 3.3x104 24 7.1xi0 
45 13.2 2.7x104 82. 3.0,c10 3 
c). Inactivation by HA 
HA Treatment 	 Strain % Survival 
(hours) 
	
hm 	tim 4'. 	hmbc 
0 	 100 	100 	100 
48 	 2.4 	Q.Q4 	4.1 
TABLE 47. 2-AP-Induced Reversion of HI 14A and ni 151 in the 
+ 
him, him and him bo Strains 







2-AP No. of Revertants Rev. Index 
- 26 6.2x10 7 
- 21 5.1x10 7 
- 42 7.4x1& 7 
+ 280 3.9x10 
+ 359 5.4,UO 
+ 244 6.5x1O 
• - 39 8.1x10 7 
52 6.2x1O 7 
- 61. 5.0x10 7 
+ 4e3 3.5x1O 
+ 614 6.8x10 
+ 449 4.4x10 
- 37 2.8x10 7 
- 20 1.9x10 7 
- 35 3.110 
+ 281 8.9x10 5 
+ 304 1.2x10 
+ 296 1.Ox1O 
Continued..... 
TALLE 47. Continued..... 
b). nI 15.1 
Strain 	2-AP No. of Revertants Rev. Index 
- 28 1,6x10 7 
- 37 1.9x10 7 
- 39 2.OxlC7 
+ 28$ 8.4x10 
+ 261 9.3x10 5 
+ 302 7.9x10 5 
hm be 	 - 35 2.1x10 7 
- 40 2.3x10 7 
- 41 1.8x10 7 
+ 443 7.9x1(f' 5 
+ 416 
+ 479 8.1x10 5 
1 + 	 - 61 8.2xlO -8 
- 54 9.1x10 8 
- 72 
+ 644 2.0x10 5 
+ 586 1.6x10 5 
+ 702 
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results. The induced reversion frequencies of both vU's were 
some four-fold higher in the 	and bin be strains compared to the 
strain. This was good evidence for the hypothesis that It 
was indeed the hm mutation which was responsible, not only for the 
effects found by Drake in his work, but also for the additiàial 
changes in phenotype uncovered in this study. 
Having obtained the two vU 'a in'the three backgrounds, the 
reversion response of each vii to 5-13l as measured. it will be 
remembered that the two AT transitions responded only moderately 
to .5-&1. However, it was found that the reversion indices of 
both ru 'a in the hm and the hm bc attains were about five times 
as great as the values found in the hn strain. Thus this 
mutational syicrgisn with gj is added to the catalogue of changes 
attributable to the 	mutation. 
Discussion on the Nature of the T41fl Strain 
In it possible to put forward a coherent model to account for 
a it the changes in phenotype in the hM mutant strain? 
First of all it seems clear that the ha locus does not dictate 
a somatic protein, but rather that It is involved with some aspect 
of the phage's intracellular metabolism. Two aspects of the 3m 
phenotype strongly support this view. 
(a) The higher rates of base analogue musagenesis found in the j, hm- 
strain almost certainty must be due to changes in the intracellular 
physiology since these nutagens are administered intraceflularly. 
(bie would have to Invoke a highly improbable model involving a 
mutagenic interaction between base-analogue-substituted DNA and the 
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coat protein to reconcile the mutational synergism with bass 
analogues with a somatic function for j. 
(b) This second point has already been mentioned. It is the 
finding that the hm strain is not only resistant to NA but also 
exhibits mutational synergism with this agent.. 
The differential resistance and (or) induced mutation frequen-
cies in response to a number of agents whose primary target is DNA 
suggests that the tim function is concerned with some aspect of DNA 
metabolism and perhaps, more specifically with repair of damage 
to DNA# 
The study and understanding of repair processes in 14, have 
so far lagged behind the spectacular progress made in this field 
In bacteria, The v gene of T4 is really the only one which has 
been characterized. A mutant at this locus was isolated by Bans 
(1963) which was UV-sensitive. It was later shown that this gene 
encodes an endonuclease which specifically recognizes pyrimidias-
dimers (Friedberg and King 1971; Friedberg 1972; Friedberg and 
Clayton 1972) and v. gene mutants are unable to perform excision 
repair of IN-induced damage. The VV-induced mutation frequency, 
as measured by the number of mutants per survivor is however 
unaffected by detects in the v gene (I.loistrtch and Drake 1972). 
The UV-sensitive jM mutation in U (Drake 1973) has several 
properties which are compatible with the IS gene product being 
involved in recombination repair. It has in addition to an in-
crease in UV-sensitivity, a reduced recombination frequency and a 
lowered UV-induced mutation frequency. Such characters are 
reminiscent of some of the phenotypes found in bacterial mutants 
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which are defective in recombination repair. These. bacterial 
mutants include recA (Witkin 1969c), recB and red (Within 1969c 
and 1972) and.3 	(or exrA) (Witkin 1967; Mount at al. 1972).. 
Another t4 mutant, designated t is also UV-sensitive (Boyle and 
Symonds 1969) and like , the a gene product may be involved in 
recombination repair. The a gene is unlinked to a and . complements 
with it with regard to the UV sensitivity (Boyle 1969). 
Of course it would be. rash to assume exact parallels between 
T4 and E.coli repair systems. Indeed several differences have 
been found in the excision repair mechanisms of the two organisms. 
For example the T4v, endonuclease is indifferent to inhibition by 
caffeine and serif lavine (Harm 1973), two agents which can strongly 
inhibit bacterial excision repair (11stzger 1904; Feiner and Hill 
1963). One other difference is that the L, gene product dtsplays 
a higher specificity than does the bacterial excision repair system 
in that it acts solely on pyrimidine diners, whereas the Lcoli 
system can excise different damages inflicted by various agents, 
e.g. Friedberg (1972) and Kondo (1973). 
Despite such provisos, the well characterized E.coli repair 
systems do stimulate general hypotheses which may well accommodate 
findings pertaining to specific viral processes. 
Apart from the highly specialized photoreactivaton system of 
repair., which can monomerize UV-induced pyrimidine diners in situ, 
there are two basic ways by which bacteria can deal with damage to 
their DM. Very briefly they are as follows. 
(a) The first involves excision of the damaged region of DNA follow-
ed by the resynthesis of D?& to fill the gap go formed (Boyce and 
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Howard-Flanders 1964). 
(b) Recombinational, or post-replicative repair circumvents damages 
which escape excision by a mechanism wheceby the daughter strands 
of replicated DNA which contain gaps opposite the lesions in the 
parental DNA can recombine with intact portions of the parental 
DNA so as to generate a full length genome. There is now a large 
array Of bacterial mutants which 'are defective in specific steps of 
these two general modes of repair. 
let us first compare and contrast the J, mutation with the 
bacterial and 'U mutants with altered excision repair capacities. 
Unlike j,, all such bacterial mutants are very sensitive to 
UV. The IN-sensitivity of the T4 v mutation has been mentioned. 
Such mutants also differ from hm in that they exhibit the same UV-
induced mutant yield per lethal hit (Within 1967; Wbistr1ch and 
Drake 1972) whereas bm shows mutational synergism with IN. 
In E.coli. Clarke (1970) found that an excision-defective 
strain was NA sensitive and that the NA-induced reversion frequency 
per lethal hit was substancially increased. The situation with 
ho differs from this in that the increase in NA-induced mutation 
frequency is accompanied by an enhanced resistance to this agent's 
lethal action. 
If the bm, mutation is to be implicated into an excision repair 
system one would need to say that such a system in the hm strain 
is more efficient at removing lethal damage inflicted by HA and 
NA but in the case of the latter mutagen such repair oust be error-
prone to explain the synergism between NA and hm. If one pursues 
such an idea several severe discrepancies occur. 
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To account for the fact that hm is not hyper-resistant to IN, 
MS, bisulphite or EMS one would have to say that the hm repair 
system either does not act on damages inflicted by these agents or 
else acts on them with the same efficiency as the j allele. If 
it is postulated that UV- and MM-induced damages are not amenable 
to bitt repair, it becomes rather difficult to account for the 
enhanced mutation frequency induced by both mutagens in the j 
strain. 
It will be remembered that 5-33 autagenesis of bacteriophage 
lambda was enhanced in strains of E.coli deficient in excision 
repair (Pietrzykowska 1973) suggesting that a mechanism other than 
excision repair is involved in 5-03 mutagonesis. The fact that 
5-03 was found to be more potent in the hm strain therefore again 
suggests that hm is not involved in excision repair. 
Setlow and Carrier (1988) provided biochemical evidence to 
suggest that hm is not involved in excision repair. They found 
that in the T4 x strain (which harbours the jj mutation) the rates 
of UV-induced dimer excision was the same as in the wild-type. 
Any model put forward for the hm gene function, must account, 
among other factors, for the fact that the hm strain is resistant 
only to HA and NA of all the inactivating agents so tar tested. 
Can this fact he duo to the lethal lesions induced by HA and 
NA being qualitatively different from those induced by the other 
agents? It can be argued that this may be the case. 
The model of Itrnotte and Verly (1971) was discussed in 
Chapter 2 of the Results. Briefly, they proposed that certain 
classes of NA-induced damage to DNA could lead to either single 
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strand breakage or to DNA crosslinking, both of which are greatly 
more lethal than other classes of damage, such as deaninations 
which NA inflicts en DNA. 
Turning to BA, It will be remembered that }tTA was added to 
the reaction mixture to prevent catalysis of the breakdown of BA 
into toxic byproducts. It may be, however, that despite this 
precaution there is still residual formation of such products and 
that a ,proportion of the lethality is due to their action rather 
than that of BA. The actual rate of inactivation of T4 by MA 
treatment is low, the 1% survival level, in flz and hm taking about 
50 and 30 hours treatment respectively. It may be that this 
postulated spontaneous breakdown of HA could account for a fraction 
of this low rate of killing. Among the breakdown products of BA 
is H202 . 
Peroxide can cause DNA backbcde breakage which results in high 
lethality but no mutagenicity (Prone et al. 1907; Rhaese• and 
Freese 1968; Ithaese, Freese and ?tzer 1088; Freese and Prone 1905). 
Both these accounts of the types of damages induced by HA and 
NA are speculative, but let us for a moment accept them and further 
lot us postulate that the hm strain is better able to cope with 
single-strand breaks than is wild-type. What are the Implications 
of such an hypothesis? 
It effectively precludes the jj system from having any role 
in excision repair. In E.coli the sensitivities of mutants defec-
tive in excision repair to agents (such as X-rays) whoa primary 
Induced lesions are single-strand breaks, are only marginally 
increased compared to wild-type and this suggests that excision 
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repair is not involved in the repair of such damage. Strains of 
bacteria which are very sensitive to X-rays are known. They are 
not excision repair mutants but rather they are deficient in recom-
bination repair. 
The attempt to assign to the hm system a role in excision 
repair was fraught with difficulties. Will an allocation of hm 
to a step in recombination repair :faro  any better? The fact that 
the hn strain has wild-type UV-sensitivity and recombination fre-
quencies and displays mutational synergism with UV does not autue 
well for such a model since as was mentioned all the E.coli mutants 
deficient in this type of repair are IN-sensitive, and are refrac-
tory to N-mutagenesis, and most of them have reduced recombination 
frequencies. 
However, despite such differences the fact that bacterial 
recombination repair has been shown to have a role in the generation 
of mutations ffl5$fl$ that the characters of the hzn strain are loss at 
variance with this type of model. 
Apart from the importance of the recombination repair system 
in UV-mutftgoneeis, it has also shown, as has been mentioned, to be 
Involved in 1U3 and 5-BU mutagenesis (Pietrzykowska 1973). The 
model put forward by Clarke (1970) also invoked a role for recom-
bination repair in )a-mutagenesis in E .coli. in contrast to these 
nutagens Icondu at al. (1970) found that EMS and Nit could still be 
mutagenic in recA strains of E.colt. As far as 1 know the effects 
of recombination-repair deficiency on the potency of the other 
mutagens used on hm (i.e. HA, bisulphtte and 2-Al') have not been 
measured. Nevertheless for those mutagens which do show an 
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enhanced effect in the hut strain, models which invoke recombination 
repair in their mutagenic pathways have been Put forward. 
The difficulties which were met when the possible role of the 
system in excision repair was considered also occur in a model 
which proposes that the ha mutation dictates a recombination-repair 
enzyme which can act more rapidly to repair certain types of lethal 
damages (i.e. those induced by lIA and NA) but is more error-prone 
while performing this service. One again has to propose that it 
is specifically the classes of damage induced by HA and NA which 
are dealt with more rapidly in the hm strain.. 
Speculative proposals as to the ways In which BA and NA could 
generate single-strand breaks were made above. One could consider 
such breaks as being primary lesions. In the case of an agent such 
as liv, where under certain conditions the initial primary lesions are 
exclusively thymine dirners (tistrich 1972; Ijoistrich and Lamola 
1972) single strand gaps are formed, hot as primary lesions, but 
as caps in the DNA in the daughter strand opposite the initial 
lesions in the parental strand. 
It has already been stated that amongst UV-induced transitions 
in T4, the majority are CE -t AT transitions (Drake 1963 and 1968b; 
!istrich and Drake 1972). This mutational specificity may be a 
reflection of the specificity of the siting of the regions of DNA 
destined to be involved in the recombination repair *vent. 
Let us for a moment suppose that the hm system is involved 
with the dictation of the accuracy of the pairing of DNA strands 
during recombination. 
It could be postulated that in the case of recombination- 
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repair of UV-induced damage, some system other than fl, is involved 
In the siting and (or) the setting up of the recombination event. 
Very tentatively M could be put forward as a candidate for such a 
system in T4. A system which dictates the fidelity of the process 
might then be considered an added bonus and hence the in mutation 
would not affect the rate of recombination repair of UV damage, 
only its accuracy. If so, this would account for the normal IN-
sensitivity in the in strain and the enhancement of UV-mutagenesis. 
Turning tA4the more random primary breaks induced by HA and NA 
one could argue that the more fastidious jt gene product could 
reject the possibility of repair at such unscheduled sites of 
breakage but that the hm gene product could tolerate and perhaps 
modify the break-points so as to render them more readily amenable 
to repair by some other system. 
To account for the fact that NA, but not HA-muttLatneeis is 
enhanced in the In strain one has to postuM*e that 114-induced 
mutations do not arise via a recombination-repair pathway whereas 
114-induced ones do. 
The fact that there is such a good correlation between the 
molecular changes induced by HA in the DNA (i.e. it acts solely on 
cytosine of 5-0W when given under the appropriate conditions 
(see Phillips and Brown 1967)) and the very high degree of specif-
icity with which it induces 	--.;PAT transitions (Frees., th.utz and 
thutz-Froese 1961; Tesaman, Lbddar and Kumar 1964; Howard and 
Teesman 1964; Brenner, Stretton and Kaplan 1965) supports the view 
that the 114 mutagenic pathway is independent of repair-mediated 
mechanisms. 
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The model tentatively proposed for hm has certain characteris-
tics of that proposed for extA function in E.çj4. Ititants at 
this locus are UV-sensitive, and the UV-Induced mutation frequencir  
is reduced to zero(ffttkin 1967; Mount et at. 1972). They are 
also sensitive to X-rays (Howard-Flanders and Boyce 1966) and to U1'G 
(Within 1966). 
Derivatives of the exrA mutations have been isolated and 
characterized. These so-called exrACY) mutants have their radia-. 
tJ.on-sensitivity restored to wild-typo level but the antimutator 
effects on LW remains (Sedgwick and Bridges 1972; Bridges et at. 
1973). 
In contrast to the exrA(W) mutants, hm exhibits increased rather 
than decreased UV-induced mutation frequency. However one need 
only remember that different gene 43 alleles may be mutator or 
antimutator to realise that opposite phenotypes (compared to wild-
type) may be obtained by different alleles at a single locus. 
Witkin (1969aand b) has suggested that the exrAt  gene product 
may modify terminal DNA bases adjoining gaps and although rendering 
such bases available for recombination repair, also encourages the 
likelihood of miepairing. 
Quite obviously the state of knowledge of the nature of the 
bin function is such that it is not realistic to say that the j, 
and exrA functions are totally analogous, though the properties 
of bin can be compared to exrA with slightly more justification than 
with most other bacterial systems. 
There is however one aspect of the phenotype of the hn strain 
which is very difficult to fit into such a model and that is that 
the sensitivities of bin to EMS and to WAS are Identical to those 
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of the hn+  strain (Drake 1973). Alkylating agents have been shown 
to induce depurination in DNA (utz and Freese 1960) resulting 
in single-strand breaks in a way essentially the sane as postulated 
for HA- and NA-induced breaks. The induction of most of the de-
purinations by alkylating agents is a slow process (tawley and 
Brooks 1983) occurring after the treatments have been terminated. 
If then the phage are plated immediately after treatment, then such 
lesions may not contribute so much to the induced lethality. 
It is clear however that no simple model of , based on 
analogies with better characterized repair systems will account for 
all the ranges in phenotype found in this strain, if j, is indeed 
involved in recombination repair, then such an hypothesis could be 
evaluated by performing the following experiments, 
Other agents which induce single-strand breaks should be used 
to inactivate the hn and hm  strains. The model predicts that th 
would be more resistant than 	in response to treatment by such 
agents at U2021  ionizing radiation or Uvetreatment of 5-BU-substi-
tuted PM. 
The lethality of NA in strains of Ecoli known to be recombin-
ation-repair deficient should be tested. It would be predicted 
that such mutant strains should be t-seneitive. In addition, the 
strains of Tel, a and a, have, as has been mentioned, both been 
implicated in recombination processes. If both strains were 
sensitive to HA and to NA, this would give grater credance to the 
model. 
A rigourous biochemical analysis of the rate and efficiency of 
repair of the fl, and hm strains after NA and HA treatment should 
161, 
be made. If in the hm strain gape in the DNA induced by either 
agent are repaired more rapidly, this could be detected by measur-
ing the mean length of the DNA fragments. In the ha strain one 
would predict that the mean DNA length would be greater. 
Of course one can readily think of quite different and novel 
roles for hn. For example one could postulate that it is 
involved in the scheduled synthesis of DNA, perhaps 1aanTh 
adduct of the DNA polymerase machinery. The hn gene product might 
be less fastidious when it encounters lesions in the DNA induced 
by NA or BA which may result in an increased probability of the 
altered bases being used as templates for replication, unlike the 
hM gene product which may reject such bases as templates. Again 
one has to say that for lesions induced by the other mutagens 
tested in this system, the h"i and h gene products are equally 
recalcitrant about allowing replication of the lesions. if spon-
taneously-arising lesions are also preferentially replicated in 
the hm strain, this could account for the higher spontaneous 
mutation frequency found In this strain. If specifically the 
lesions were those which potentiated base-pair substitutions this 
might explain the fact that it is the transitions whose frequency Is 
enhanced in hn, The problems which applied to the other possible 
models for jj. also apply to such an hypothesis, the main general 
problem being the fact that some mutagens (Lf.3 and UV) have normal 
sensitivities but enhanced mutation frequencies, some (1E and 
bisuiphitel are unchanged in both parameters, and that although 
both HA and NA are less lethal to j, than to 	only the latter 
exhibits higher induced imitation frequencies in the tin strain. 
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This last model is similar to one of the tentative hypotheses 
put forward by Boyle (1969) to account for the P41 gene function. 
At the moment however there is not enough information on the 
strain to allow a critical evaluation of any single model. 
Apart from the experiments mentioned above, which were 
designed to test the validity of a specific model of hn., them are 
a number of other avenues along which studies of the hm system 
night profitably proceed. These include: 
A study of the dominance relationships of the hm mutant might 
give information on the nature of the ILm gene product. Sinha and 
Snustad (1071) reported that mutants of P4 gene 32 (Alberta Protein) 
inhibited the action of wild-type alleles at the Same locus, 
whereas mutants deficient in a number of different genes dictating 
the production of enzymes were recessive to wild-type. They 
concluded from this that the gene 32 product had a atoichiometric 
role, 
if compibx genotypes carrying in and a mutation at another locus 
concerned with DNA metabolism were constructed, the survival and 
mutational responses of such double mutants night tell us whether 
h'!I cooperates with any other known syaem in an epiatatic manner. 
It would be useful to know whether the hm, system is dispensable. 
A start could be made by measuring the effects of nonsense sup-
pressors on the phenotype of the bin mutant. If the stenotype was 
restored to wild-type in the presence of a nonsense suppressor this 
would show almost certainly that hm gene function is not essential 
for T4 growth. A failure to demonstrate the suppression of the 
mutation would not prove the opposite conclusion. For 
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rigourous study of the .fl locus it would be very useful to develop 
a conditional lethal system. 	It may be that certain ,hn,alleles 
could be conditionally lethal. This brings us to point (CD, 
(d) An effort should be made to isolate further independent alleles 
at the hm. locus. Such a task will be very arduous, given the 
abeonce of any simple detection procedure for hm mutants,, but it 
would be interesting to we to what extent different alleles vary 
in phenotype. 
It is certainly not impossible that a !iurouG study of the 
hn locus, both at the genetic and biochemical level, will allow it 
to join the list of loci in 14 whose analyses have given us a 
fuller understanding of some of the basic mechanisms involved in 
the role of cellular physiology  in the mutagonic process. 
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DISCUSSION 
The work in this thesis has been focussed on the study of the 
effects of various ancillary treatments on the specificity and 
potency of mutagunesis. With the exception of the work in which 
the effects of fl{ on NA-mutagenesis of P4 were examined such ancil-
lary treatments involved the modification of the physiological 
state during, or subsequent to the mutagenic treatments. 
The discussion of the work and the results on the trp operon 
are to be found in Chapter 1 in the Results. The major part of 
this final discussion will be devoted to the work carried out on 
14. It will have been noted that each chapter in the Results 
section carried its own relevant discussion. This section will be 
concerned with a more general consideration of the problem of 
intragenic mutagen specificity in which the findings made in this 
work and those of other workers will be referred to and assessed. 
It must be said at the outset that, to a great extent, the 
original atha of trying to estimate which, if any, physiological 
factors determine the spectra of induced and spontaneous t mutants of 
P4 did not succeed. Where an effect of ancillary treatment was 
found, it was, with one exception, the general potency rather than 
the specificity of mutant yield which was altered. Such non-
specific effects were found with the co-mutsgenic effects on NA-
mutagenesis by WPA and by the presence of the hm allele in the 
genetic background. It was argued that the antimutator effect 
of PFIM on 5-93 mutagienesis in the presence of SI) could be 
thought of as being of an artifactual nature from a mutagunesis 
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point of view and in reality it appeared that PPThL had no effect on 
5-RU mutagenesis. Two other ancillary treatments, jt on NA 
mutagenesie, and SM on either NA or 5-MI mutagenesie also gave 
negative results. 
Really the only change in the specificity of mutations was 
that found in the spontaneous HI spectrum of the T4 Jim strain, 
In which a higher proportion of transitions, and a somewhat 
different r1l map were obtained. Despite the lack of change in 
the NA-induced spectrum in the Jim strain it might still be worth- 
while to teat tether the Jim mutation causes a change in the spectra 
Induced by mutàgens whose potencies are enhanced in this strain 
vin base analogues, WE and UV. Unfortunately, time did not allow 
such analyses, the work on hm being the last to be undertaken. 
Supposing a change in the rII wectrum had been elicited by 
any of the ancillary treatments, it is justifiable to ask what 
contribution this would have made to our understanding of the 
underlying causes of intragenic mutagen specificity, 
The very demonstration that the spectrum could be altered 
would have been of interest in its own right since such modification 
has not so far been demonstrated apart from those cases (e.g. 
Campbell and Rowe 1972) where the changes in physiology result in 
such a massive increase in mutation frequency in their own right 
that the ancillary treatment can be thought of as the primary 
mutagen which may well have its own characteristic spectrum. 
The two drugs which were used as ancillary agents, BU and PPM, 
were chosen deliberately because, as was discussed in the relevant 
chapters each has fairly drastic, and as far as one can tell, rather 
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general effects on cellular metabolism. The choice of such agents 
might be criticised on the grounds of their being sledgehammers to 
crack a mutagenic nut. However thetr use was felt to be justified 
for the very reason that they had wide-ranging effects. Had a 
change in rII spectrum been observed with either agent, this in 
Itself would not have indicated which mechanisms were responsible 
for generating intragenic mutagen specificity. However it would 
have given encouragement to use smaller nutcrackers. For example 
in Chapter 4 in the Results it was mentioned that it SM had Imen 
effective in altering the rII spectra, this. could have been followed 
up by testing the effects of other agents which mimic specifically 
one of the components of the effects which SM exerts on cellular 
metabolism. 
In the event, the fact that neither drug did modify the spectra, 
is paradoxically a partial vindication of the choice of such agents 
since one could argue that if they can't do it, nothing will. 
Unfortunately such as assertion is not really justified. It 
may well be that the nature of the rU spectra is indeed influenced 
by cellular physiology., but simply that such physiological mechanisms 
as may be involved happen to be refractory to all the ancillary 
treatments used in this study. 
It would be appropriate now to discuss in some detail some of 
the possible reasons for the non-random nature of the rIl spectrum, 
to see whether the phenomenon can be explained without recourse to 
the invokation of mechanisms involving cellular physiology. 
Let us first consider some explanations which sIght be con-
sidered trivial from a mutagenesis point of view. 
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(a) One obvious hypothesis to account for the non-random distri-
bution of mutants within a locus, is that only at certain sites will 
an amino acid substitution cause a detectable change in phenotype. 
Certainly it is clear that only a traction of mutational 
events are in fact detected in forward mutation experiments. 
Specifically, the ni region has been estimated to contain about 
2,000 base pairs (Edgar at al. 1062). therefore 2000 sites are 
available for base pair substitution mutation* alone. Add to this 
the 4,000 sites which can be generated just by (tl)and (-1) frame-
shifts and it will be realised that the 250 sites shown in nzor' a 
(1061) arduously obtained spectra are only a very small fraction of 
potential sites. 
There is another way of .demonstrating the fact that the major-
ity of base-pair substitution mutations are never detected. The 
number of substitutions which generate nonsense codons should be 
minor compared to those which result in nissense mutations. Yet 
In the rII locus, Drake (1970) has calculated that of 71 base .pair 
substitution mutants, all mapping at different sites, no fewer than 
44 were nonsense mutations. 
It should be noted that a lower proportion than this was 
found for HA-induced rilA nonsense mutants. Out of 239 mutations, 
54 were classified as being nonsense (Schwartz and Bryson 1969). 
In the ,8 -galactosidase gene of E.coli the knowledge of the 
enzyme's amino acid sequence and consequently the nucleotide sequence 
of the gene,. has allowed more precise formulation of the expected 
contribution of base substitutions which cause nonsense codons 
amongst all such mutants. In contrast to the expected value of 
6%, I.angridge and Campbell (1968) found that 93% of the mutants were 
nonsense. 
It is not surprising to find that the deviation between obser-
ved and expected varies from gene to gene. Whitfield et al. (1966) 
showed that miasense mutalits were about one third of all mutants 
isolated in the aminotransferase gene of Salmonella. 
As if further evidence for the invisibility of most mutants 
were not required, Koch and Drake (1970), as was already mentioned, 
found that new r1l sites could be revealed if phage already carried 
a semi-i' sensitizer mutation. 
Also, it was discussed in the Introduction, that those mutagens 
which induce base pair substitutions induce a preponderance of rI's, 
in contrast to those agents which generate frameshifts where rU's 
are preferentially idduced. This fact has been used as indirect 
evidence that the r1l protein will tolerate more amino-acid sub-
stitutions without causing an altered phenotype than will the rI 
gene product. Even if this is true, it does not tell us whether 
the i'll proteins are exceptional in their ability to tolerate 
mutations without altering the phenotype. 
Clearly then the number of sites amenable to analysis is sev-
erely restricted and the spectrum will be non-random. However, 
are the restrictions on the allocation of sites due to protein 
structure sufficient to account for the hotupots? 
Langridge in his studies on the distribution of mutants along 
the ft-salactosidase locus in E.coli did not possess a mapping 
system of as high a resolution as that available for r1l in P4, 
and -so he could only ascribe the mutants to regions rather than 
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to sites. He found that mutants were distributed non-randomly 
within the gone but that the spectrum could be attributed to 
differential eensiti*ity of the enzyme at different sites to mut-
ational change since he combined genetic studies with in vitro 
enzyme studies (Langridge 1968) • In another study, Crawford et al 
(1970) mapped many mutants of different origin within the trpM 
gene of Ecoli. Their distribution along the gene was highly non-
random. There were clusters of particular classes of mutants in 
specific regions of the gene, and this was interpreted as being a 
reflection of the differential ability of the protein to tolerate 
different classes of mutational changes at different re-.ions. 
A glance at the r1I spectra shows that the distribution of 
sites along the length of the cistrons, if not random, is fairly 
regular. This is particularly true of the spontaneous spectrum 
(Ebnzer 1961) • 	It is rather, the striking differences in the 
intensity of different sites which leaps to the eye. Clearly, 
even at those sites with only a single representative, a mutation 
at such a site will generate an altered phenotype. Therefore, 
although One can say that the restriction placed on the number of 
detectable sites, due to the tolerance of most sites in proteins to 
mutational change, will go some way to causing a non-random spectrum, 
it does not explain the difference in intensity of hot- and cold-
spots. 
This consideration of the restriction placed upon the number 
of sites perhaps would seem to diminish the impressiveness of the 
non-random nature of the flI spectrum. 
There is however another consideration which points to just 
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the opposite conclusion and is worth mentioning here. In reverse 
mutation experiments in the r1l system, where far lower mutation 
frequencies can be estimated than is practicable in forward mutation 
experiments, trjae.spontaneoue mutation frequencies of 10 and 
lower are not uncommon. There is no a Driori reason to suppose 
that at certain sites in ru, forward mutation frequencies of this 
order will not occur. The task of isolating r1l mutants which 
arise at such frequencies would have been beyond the capacity of 
even Bearer. In his apparently exhaustive (and certainly exhaus-
ting) spectrum of spontaneous rills, I estimated that the absolute 
frequency of the occurrence of a site with one representative was 
around 2x10 7 since he must have Looked at about 5kW 6 plaques. 
It may be therefore that the cold-spots (i.e. those sites with single 
representatives are still ten, a hundred or even a thousand times 
more mutable than the lowest limit for spontaneous forward mutation 
frequencies. In other words, the difference in the 'heat' of 
different sites may in fact be a great deal greater than might 
appear to be the case from inspection of the rII spectra, both 
spontaneous and induced, which are in the literature. 
Other lines of evidence point to the fact that the non-random 
spectra in r1l cannot be due solely to the restriction on the 
numbers of detectable sites caused by the nature of the protein. 
Although different mutagens which induce approximately the 
same classes of mutations have related spectra, (ibazer 1961) 
there are several sites which are strongly represented in one 
mutagen 'a spectrum but very weakly, or not at all in that of a 
related agent. For example, M, 2-AP and 5-BU which all induce 
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both Q-*AT and AT ---?GC transitions (albeit in different relative 
proportions) each have quite distinct spectra. The differences are 
greater than would be expected from the differences in the relative 
contribution of each class of mutant induced by each agent. 
Also, E, which induces mainly Ct-rAT transitions has a 
spectrum with no striking hotepots (Sanwr 1961). 5-RU on the 
other hand induces striking hotapots though it too has the same 
affinity for inducing Z-9AT transitions in T4 as does EMS. HA, 
which induces tr -*AT transitions exclusively in T4 also gives a 
spectrum quite different from those found for 5-lit! and EMS (Au-
khanian et al. 1970). 
Such differences in the spectra of different agents which 
induce similar classes of mutations suggest that the differential 
tolerance of the rII gene product to mutation is not the crucial 
factor in the generation of hot spots since the mutational origin 
of a particular mutation will be immaterial in deciding its effect 
on the protein function once the mutation is fixed. 
Finally, the fact that frameshift mutants also exhibit hot-
spotting argues against the hypothesis that the protein structure 
Is the sole arbiter of the siting of hotapots, since a frameshift, 
irrespective of its intragenic position is very likely to destroy 
protein function. Yet proflavine, which induces franeshifts in 
T4 (Orgel and Brenner 1961) does have a hotspot in its spectrum 
(Lbnzer 1961; Alikhanian et al. 1970). 	In the spontaneous 
spectrum, the two giant hotepots, r117 and r131, are both composed 
of frameshifts (Drake 1970). 
(b) The second hypothesis which really does not need recourse to 
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explanations in terms of mutagen action is that hotapots are not in 
fact single sites but rather that they are larger regions which for 
some reason are refractory to recombination and hence the mutants 
within these regions are inseparable. 
Certainly Tessrnan (1965), using very high resolution recombin-
ation assays claimed to show that some riPs which apparently napped 
at coincident sites could recombine with each other at frequencies 
of about 10- 8.  This is some 10,000 times lower than would be 
expected, on other criteria, for recombination between adjacent base 
pairs. 	In all cases where hotspots could be dissected, the 
mutants could also be distinguished by phenotypic differences, such 
as their suppressability. However, despite his ultrafine resolution, 
he still found hotspots induced by NA, whose mutants could not be 
distinguished either by recombination or by phenotypic differences. 
Examples of variation in recombination frequencies have been 
reported for T4. thckendorf and Wilson (1972) reported a gradient 
of recombination frequencies along gene 34 but the differences in 
the frequencies were not nearly great enough to generate hotspots. 
At a finer level, Ronan and Salts (1971) found a wide range of 
intracodon recombination frequencies at different sites in Hi. 
The obvious criticism of suchnan hypothesis is that it cannot 
account for the uniqueness of the spectra induced by different 
mutagens. it is the recombination between fully established 
mutations which is measured, and hence mutational origin will be 
Irrelevant in the determination of the recombinogenicity in any 
given region.. 
Both these hypotheses fail then to give a satisfactory account 
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of the causes of hotepots and alternatives must be considered. 
For those mutagene which are given extracellularly, an 
Initially attractive hypothesis ii that the DNA is arranged within 
the T4 head in such a way as to expose preferentially certain sites 
for mutagenic attack. Such an hypothesis is rendered unlikely for 
at least two reasons. 
Firstly the packaging of DNA into the T4 head varies from 
individual to individual. The 'headful' model proposes that 
although a constant length of DNA is packaged into each bead the 
actual linear sequence varies randomly (Streisinger et al. 1964 and 
1967; Sechaud et al. 1966). Consequently no-one site will regul-
arly be exposed to attack because of its position in the head. 
Secondly, it has been found that UV-induced mutation spectra 
In nIt are essentially the same whether LW to delivered to phage in 
the intra- or extracellular state (Drake 1963 and 1966b). 
While this work was in progress, a fairly steady flow of 
reports appeared, concerning the role of neighbouring bases in the 
determination of mutation frequencies at specific sites. 
The most striking exposition cane from Okada et al. (1972) 
who found that a frameshift mutation of spontaneous origin in the .p  
(lysozyme) gene of T4 reverted spontaneously to wild type at very 
high frequency. On analysis of the protein (and hence of nucleo-
tide) sequence it was found that the mutant was sited in a run of 
6 AT base pairs and that it reverted to wild-type by a (-1) frame-
shift. This finding is in nice accord with the model put forward 
by Streisinger et al. (1966) which predicted that frameshift mutat-
ions would tend to arise spontaneously in regions where a run of 
bases occurred, due to an increased probability of strand slipp*ge 
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during DNA synthesis at such regions. 
In Salmonella a technique is available for the selection of 
polar frameehift mutations in the histidinol dehydrogenase gene 
(Fink et al. 1967). Of six such mutants, all were found to reside  
at a single site, and on analysis this site was shown to comprise 
two or three consecutive 02 base pairs (Yourno, Inc and Kohno 1971). 
Turning to induced frameshift mutations, in the same Salmonella 
system, it seems that ICR-191 has a propensity for inducing frame-
shifts in runs of CC base pairs (Vourno 1911). The influence of 
neighbouring base pairs on substitution mutations has also been 
demonstrated. 
The first conclusive report of such an influence came from 
Koch (1971). He used a system in ru, in which he could manipul-
ate the identity of the base pair adjacent to the one to be muta-
genized with 2-A?. He compared the frequency of induced AT -t (C 
transitions at the central position of a triplet when the third 
Position was occupied by AT or (C. He found that the frequency 
was up to 20-fold higher when At was present than when CC was the 
neighbour, but that the identity of the base pair two away from the 
mutated site had virtually no effect on the induced frequency. 
Salts and Rotten (1971) found great variation in the frequen-
cies with which different rII ochre mutants are converted to amber 
or opal by 2-AP mutagenesis. Since all three codons are nonsense, 
the variation cannot be dismissed as being due to differential 
tolerance of the protein to the 'wrong' amino acid which could well 
be a factor if the frequencies of reversion were measured. These 
workers classified the mutational derivatives from ochre on the 
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basis of their behaviour on different restrictive E.coli strains 
carrying known nonsense suppressors. However they failed to note 
that it is known that the efficiency of nonsense suppression itself 
can vary considerably from site to site (Salser 1969; Yahata at a1. 
1970) • The reason for this diferential suppressability cannot be 
put down to variation in the restoration of protein activity by 
the insertion of the wrong amino acid at different sites. There-
fore the results of Salts and Ronen may be alternatively interpreted 
as being due to differential auppressability rather than mutability. 
Related to the phenomenon of differences in suppression at 
different sites is the fact that the AM triplet acts as a signal 
for f-methionine when it occurs at the initiation site of a cist'on 
but that it codes for methionine when it occurs elsewhere. The 
base sequences of the initiation sites of several cistrons of some 
RNA phages have been elucidated (Steitz 1969 and 1972; flindley and 
Staples 1970; Stap)e a at al. 1971; Staples and Hindley 1971). 
However no consistent sequence has been found common to all init-
iation sites and it would seem that if the signal which causes f-
methionine to be inserted resides in the nucleotide sequence, then 
it is the gross stereochemistry of a large region of nucleic acid 
rather than the immediate neighbours of the AU] site which is resp-
onsible (Golini and Thach 1972). 
Still on the subject of suppression but at a rather different 
level, Levisohn (1970), as has been mentioned, found that HA could 
cause phenotypic suppression of certain T4r11 mutants. The 
mechanism of the suppression is not known but it may involve the 
conversion of C---,>U in mRNA opposite the mutant bass. The fact 
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that different riPs responded differently to HA suppression though 
they contained the same mutant base. pairs was interpreted as showing 
the influence of neighbouring bases on the action of HA on different 
cytosines at different sites in RM. 
Reversion studies which did not completely exclude the possib-
ility that observed differences in mutation frequencies were due to 
differential tolerance of the, protein to the wrong amino acid at 
different sites have been done in P4 using HA as mutagen (Brenner, 
Stretton and Kaplan 1965) and in yeast with UV (Sherman et al. 1989). 
Both studies demonstrated considerable variation In induced fre-
quencies at different sites. 
Very interestingly it has been shown recently that a ugutator 
allele of E.coli (mutsl of Siegel and Bryson (1907)) exhibits con-
siderable variation in the frequencies with which it induces trans-
itions at different sites at the trpk locus (Cot, Deg!en and Schepps 
1972) • The authors surmised that this variation was due to fairly 
local influences of neighbouring base sequence. 
de Vries at al. (1971 and 1972) found, on close examination, 
that base pairs at certain sites were quite refractory to the 
mutagenic action of T4 mutator DP polynerase, suggesting that the 
specificity of action of this enzyme is subject to modification by 
local base sequence. 
Though not strictly apposite in a consideration pertaining to 
nutagenesis, reports on the effect of neighbouring bases on the 
reactivity of cytosine bases in tRNA bear mention here. 
Bisulphite can only convert C --:5'U when C is in the single-
stranded state (Shapiro et al. 1973). When tRHA is treated, 
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bisuiphite converts cytosine residues which are not engaged in base 
pairing to until with high efficiency. However in E.coli f-net 
tUNA there is one cytosine residue which, although in a single-
strand configuration is immune from attack, this particular 
residue is adjacent to the unusual base pseudouridine. ThC> 
significance of this is a matter of coniecture since the refractory 
cytosine is the only such base in the entire tRNA loop. It may 
be that the stereochemistry of the loop tather than the neighbouring 
pseudouridine base is responsible for rendering the cytosine tan-
reactive. 
Similarly, methoxyamine, which is closely related to HA can 
also convert C - U in single-stranded DNA. However the homologous 
cytosine to that mentioned above also failed to react with this 
agent in E.coli tyr-tRNA (Cashmore, Drown and Smith 1971). These 
workers showed that in an isolated sequence of t CO (Jr pseudo-
uridine) the cytosine would react with methoxyamine, indicating 
that it is the gross stereochemistry of the loop which is the cause 
of the immunity of the cytosine and not the pseudouridine neighbour, 
Cashtaore (1970) noted that methoxyamine treatment of tUNA did not 
change the specificity of.Ctjijoacylatio. 
The reactivity of methoxyamine towards cytosine in synthetic 
colijtnucleotides has been shown to vary according to the sequence 
Of closely  neighbouring bases (Steinschnejcjer and I.eaham 1972). 
Lastly in this catalogue there has been one report on the 
Influence of neighbouring DNA structure on the frequency of spon-
taneous deletions in E.coli (Coukefl and Yanof sky 1971). The 
frequency of trp-tona deletions varies considerably between dif- 
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ferent E.coli strains (Spudich at al. 1970). Coukell and Yanofaky 
(1971) found that the strain-specific differences were determined 
by the DNA structure at, or very close to the = locus. Not only 
was the frequency of deletions affected by the local chromosome 
structure, but also the positions of the termini were affected. 
Mutants of E.coli deficient in DNA polytnerase (poC) generate 
higher deletion frequencies (Coukell and Yanofaky 1970) but the 
possibility was ruled out that the differences in the deletion 
frequencies between strains were due to differences in the DNA 
polymerases. 
All these studies have been concerned with the influence of 
neighbouring bases on the frequency of fully expressed changes is 
nucleic acid sequence. There is a recent report which demonstrates 
that the frequency of premutationsl lesions is also subject to mod- 
(Brünk 1973). 
ification by neighbouring DNA structure/: He found that the number 
of thymine dimera induced by in vitro TN-irradiation of Tetrahvmena-
pyrifornis DNA was greater the longer the run of pyrSmidines in a 
tract, to a much greater extent than would be due simply to the 
fact that more thymines will be adjacent in the longer tracts 
Several comparative studies have been carried out on the 
differences between AT-rich and It-rich DNA. Studies on the 
dQpPndence of physical structure of DNA on its base composition 
have been at a gross level and hence may not be relevant to the 
fine-scale influences of neighbouring bases which would be required 
for mutational site .specificitieg 	it is clear nevertheless that 
the secondary stnucture of DNA does depend upon the base composition 
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(Brain 1971; ikam and Tougard 1912). 
Other workers have looked at the dependence of base compos-
ition upon the specificity of interaction between DNA and various 
proteins which act on it. 
For instance, E.coli RNA polyinerase has been shown to bind 
preferentially to AT-rich regions of bacteriophages )i (Le Taller 
and Jeanteur 1971) and ft (Shishedo and Ikeda 1971 and 1972). 
E.coli RNA polytnerase also transcribes the P4 genome (e.g. Sokolova 
et 91. 1970) but the comparative binding studies at different T4 
regions have not been done. 
In contrast to the EM polymerase, calf thymus histone binds 
much more strongly to GC-rich DNA (Clark and Felsenfiel.d 1972). 
Three other examples will be given to illustrate the diversity 
of ways in which DNA base sequence determines protein specificity. 
There is in lhcoli an endonuclease which cleave, the DNA of 
Simian virus at a highly specific point suggesting recognition by 
this enzyme of a particular base sequence (Morrow and Barg 1972). 
In phage T2, the extent of iriethylation of cytosine and adenine 
was dependent upon neighbouring base sequence (Vanyushin et al 
1971) • If the methylated and non-methylated purines differ in 
their response to mutagenic attack, here is a novel way for the 
generation of non-random spectra due to the influence of neighbour-
ing bases on physiological factors. 
The most obvious example of specificity of protein-DNA inter-
actions is of course that found between the operator of bacterial 
operona and repressor proteins. Presumably the specificity is 
dictated by the base sequence of the DNA in the operator. 
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From all the examples discussed above it can be deduced that 
the influence of neighbouring bases on the frequency with which 
several classes of mutants arise is considerable. is it sufficient 
to explain the hotapot phenomenon, and if so is it necessary to 
Postulate any role for physiological processes in deciding which 
particular sequences will be most prone to error? 
The most striking hotspots of efeispontaneous frameshifta, 
rlSl and r117. Without knowledge of the base sequence at these sites 
it is impossible to be categorical, but in the light of the findings 
Of Cicada at a]. (1972) it would not be too surprising if they con-
tained long tracts of the same base pair. A comparatively simple 
model for the generation of spontaneous frameshift mutants does exist 
(Streisinger et al 1966) but it is not clear whether the error-
proneness of runs of the sane base pair is a necessary direct 
corollary of the physical stereochemistry of the DNA at such regions 
or whether it is mediated by inaccuracies of an enzyme system when 
it encounters such tracts. 
Bornstein (1971) in an exhaustive study of the effects of 
mutations at many T4 loot on the frequency of reversion of ru 
framosbifte found that some alleles of gene 43 (DNA potymerase) 
gene 32 (Alberta' protein), gene 44 (DNA synthesis) and gene 47 
(deoxyribonticlease) enhanced the frameshifta' reversion frequencies. 
Mutants at four other loot involved in DNA metabolism had no 
mutator effect. Drake and Allen (1968) found that an antimutator 
allele of gene 43 did not depress the frequencies of franeghift 
mutations. Nevertheless it is clear that a large array of enzymes 
do have a role in the production of frameshift mutations, but in 
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the absence of forward mutation studies involving the sapping of 
the UI mutants in the T4 strains carrying mutations in any of the 
loci studied by Bernstein (1971), one does not know which, if any 
of the loci are important in determining the siting of fraimeshift 
mutations. 
More relevant to the work in this thesis is . 9 consideration of 
the generation of hotepots by mutagens which induce base pair 
substitutions. 
In the catalogue of reports on the influence of neighbouring 
bases on mutagen site specificity, some of the examples came from 
work done in vitro. These were on the modification of tRNA 
sequencg by bisulphite and by methoxysmine, and on the induction of 
pyrimidineffit,pyrjforjg DNA by UV. Clearly in such experi- 
ments the role of physiological factors can be discounted. 
Paradoxically, the fact that Brunk (1973) showed the influence 
of neighbouring bases on the distribution of premutational lesions 
in vitro may well substantiate, rather than negate the role of 
Physiological factors in dictating the siting of mutations. 
Certainly it is a big jump from bacteriophages to ciliates but in 
T4, although thymine diners are induced exclusively in vitro by W, 
the majority of the base substitution mutations have AT at the 
mutant site. Obviously, so fine an analysis does not exist for 
Tetrahymena. Nevertheless, one can speculate that, although neigh-
bouring bases may well influence the siting of premutational lesions, 
the positioning of the fixed mutant is a matter for the jurisdiction 
of physiological mechanisms. 
No direct attack on the possible influences of neighbouring 
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bases on the site specificities of either of the two mutagens, N 
and 5-RU, which were used in this work, comparable to the examples 
mentioned above with other mutagens has been made. 
In the case of ra, if neighbouring bases have a role in deter-
mining the positioning of premutational lesions, it must be of a 
Purely physico-chemical nature since the treatment was done 
extracellularly. In fact the nature of the gross steno shape of 
the DM has been implicated in determining the react ivities of NA 
on DNA bases in polynucleotides (Shapiro and Yarniguchi 1972) and on 
RM in viruses (Sehga]. and Soong 1972). 
Physiological factors are clearly implicated in the determin-
ation of the frequency with which the lesions induced in the P4 DNA 
are converted into full mutations as witnessed by the antimutator 
effect on NA-induced mutation frequencies of sore gene 43 alleles 
(Drake and Greening 1970) and the comutagenic effects of the fl 
mutation and the presence of Wffi found in this work. 
The fact that in these last two cases, the increases in fre-
quencies were general and did not involve a change in the r1l spectra 
does not say one way or the other whether cellular physiology 
determines the nature of the spectrum, jut that no factor Involved 
In generating site specificity is affected by the hm mutation or 
by PPffi. Given the precedent set by UV, of the ability of a nuta-
gen to induce one class of lesion but to generate mutations which do 
not occur at the site of the lesion, it may be possible that such a 
situation holds for other mutagens. The fact that the classes of 
mutation induced by NA can apparently be readily explained on the 
basis of the types of lesion it can induce in vitro, perhaps argues 
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against this possibility. Nevertheless in t4, the mutagenicity of 
NA has been shown to be amenable to physiological modification in 
three distinct ways, all of which differ slightly from each other in 
their particular effects. 
T4 antimutator DNA polymerase was shown to specifically depress 
the frequency of WA-induced At - CE transitions (Drake and Greening 
1910). 
The T4hrt strain exhibited nonspecific synergism with NA coupled 
to an increased resistance to its lethal action. 
PPI-trestment resulted also in a nonspecific increase in NA-
induced mutation frequency of a similar order to that found for hn 4 
but the sensitivity to NA-killing was not affected. 
This suggests that at least three independent mechanisms are 
involved in NA mutagenesis and perhaps belies the apparently simple 
models of its mutagenic properties. 
The situation with 5-RU is somewhat more complex than that for 
NA since it is given intracellularly and the potential exists for 
physiological mechanisms to act in determining the frequency with which 
prenutational lesions are induced. Recent work has shown that fl 
vitro, purified P4 antimutator DNA polymerase incorporates less 2-AP 
into newly synthesized DNA than does the wild-type enzyme, and that 
mutator polymerase incorporates more analogue than does the wild- 
type (Schnaar at al. 1973). Such an analysis has not been done 
with 5-8U. 	DNA polymerase is then a good candidate for a system 
which decides the frequency with which incorporation of base ana-
logues occurs. If the fidelity of the enzyme were to vary 
according to the shape of the replication fork (dictated perhaps 
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by the sequence of bases in its vicinity) then differential incor-
poration of the nutagen at different sites would ensue. 
After the premutational lesion has been induced, there is 
still scope for other enzyme systems to determine site specificity. 
The fact that lesions induced by both WA and 5-BU are susceptible 
to excision repair has already been pointed out. If certain legions 
are refractory to such repair then they will have an increased 
probability of generating full mutations. One might postulate i 
role for neighbouring base sequence by saying that the degree of 
perturbation in the helix caused by a lesion may vary according to 
the sequence of the neighbours And that those lesions which result 
In small distortions are not recognized by the enzyme and hence 
persist. 
Although lesions induced either by NA or 5-BU are not amenable 
to photoreactivation repair, a finding concerning this class of 
repair bears on the above point. Kilbey (1967) found that in 
Neurospora the extent of the photoreactivability of different UV. ~ 
induced lesions along the genome varied. Whether the variation 
was due to the lesions being of a heterogeneous nature in which 
some are susceptible and some are refractory to Photoreactivatiun, 
or whether the actual lesions are of a single type, with the dif-
ferential response being due to their position in the genorne, is 
not known. 
The possible contribution of error-prone recombination repair 
in the mutagenic pathways of 5-BU and NA has been mentioned. As 
yet there is no model for the way in which such deficiencies in the 
accuracy of such repair cause mutations induced by either agent. 
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Whatever the mechanism, enzymes are almost certainly involved. 
One more factor which might be involved in the production of 
non-random site specificity involves the probability with which a 
lesion persisting in the DNA is transcribed or is used as a template 
for DNA replication as if it were the original unmutated base. This 
idea may be best illustrated by reference to base analogue mutagen- 
esis. 
If 5-RU is Incorporated into DNA in place of cytosine in the 
sense strand at different sites, the probability with which nRA 
polymerase reads it as cytosine or thynine may depend on the neigh-
bouring base sequence. If in certain environments it tends to be 
read as cytosine the initial contribution of mutant milNA compared 
to wild-typo mRNA will be reduced, and although the lesion will be 
resolved and segregate) a mutation on replication, it is possible 
that the reduced mutant contribution means that certain mutations 
are missed on scoring. 
Analogously and perhaps more importantly, if at different 
sites there are differences in the frequencies with which 5-RU is 
recognized as cytosine or thymine by DNA polymerase during DNA 
replication, site specificities will again be generated. 
Two reports are of some relevance to these models. Saurbier 
et at. (1970) have found that although the transcription of UV_ 
Irradiated t4 DNA is hindered, due to the production of shorter 
molecules of mRNA, and the rate of initiation is decreased, there 
was no change in the fidelity of transcription. 
Turning to DNA replication, the fidelity of polymerization of 
DNA using X-irradiated template was decreased (Saffhill and Weiss 
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1973) • Here then is an example where the primary lesion stimulates 
further errors by inducing error-proneness of an enzyme. 
Both conjectural possibilities concerning differential recog-
nition by polymerases implicated preriutational lesions as the sub-
strates for such recognition. There is a report from a system 
quite unrelated to mutagenesis in T4 in which it was found that the 
extent of gene conversion of various alleles in the fungus Ascobolus 
depended on their mutagenic origin (Loblon 1972). This finding can 
be interpreted as showing that the extent to which aispairing of 
fully established mutants (as opposed to premutational lesions) in 
heteroduplicos are resolved by some enzyme system may also depend 
on neighbouring base sequence. 
Given the fact that site specificity has not been yet shown to 
be under the control of onsyme systems it may seemsa little 
audacious to have listed a catalogue of candidates which might be 
responsible. Nevertheless, it provides a framework of thinking for 
possible lines of future experimental attack on the problem. Some 
such approaches willbbe discussed. 
It seems that at long last the identities of those reluctant 
heroes, the rIM and ruB proteins may be yielding to the prolonged 
assault which has been made on them. if their isolation and puri-
fication could be achieved such that amino-acid sequencing could 
be done, and hence the ni nucleotide sequence deduced, then it 
should be possible to determine if thete is a simple relationship 
between site specificity of the hotspots and their neighbouring base 
sequences. 
However, even if such an analysis did show what type of local 
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base sequence was likely to favour the generation of a hotapot by a 
specific mutagen • this alone would not indicate which .( if any) 
enzyme system was the culprit in deciding which sequences cause a. 
Propensity to generate hotspots. There are two basic ways by 
which an evaluation of the contributions of different enzymes might 
be done. 
The first is essentially an extension of the type of approach 
used in this work! In other words r1l spectra, both induced and 
spontaneous would be obtained wider conditions where the cellular 
physiology had been modified, either by experimental manipulation 
or by alteration of the genetic background. The latter would be 
better since the modifications would be of a more specific nature. 
Various conjectural mechanisms each mediated by an enzymic 
system were discussed above as potential condidates for generating 
hotepots. These included various DNA repair systems, a number of 
other enzymes Involved in T4 DM metabolism such as the polynerase, 
endonuclease, aethylase, ligase and Albert's protein and the host 
fiNns polynerase. Mutants exist at all these loci and although it 
would be laborious, the analyses of the spectra obtained in such 
genetic backgrounds might indicate which specific systems are 
responsible for the generation of hotspots. 
Increasingly, the role of enzymes in the determination of 
mutation frequencies is being studied in in vitro experiments and 
herein lies the second approach. So far most of this type of work 
has been focussed on DNA polymerase. From the studies on this 
enzyme in P4, we are beginning to understand the differences in 
enzyme activities associated with mutator and antimutator poly- 
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nerasea (Uuzyczka et al. 1972; Herahfielc! 1913; Hershfield and 
Ilossal 1973; Schnaar et al. 1973). 
Of some importance is the recent finding of Springgate and Loeb 
(1973) that DNA polynerase extracted from human leukaemic ella 
polymerises DMA with greatly reduced fidelity when presented with 
synthetic templates than does the enzyme from normal cells. Also 
using synthetic templates, Hall and Lehman (1958) found that T4 
nutator DNA polynerase was also less accurate than the wild-typo 
enzyme. 
By using synthetic templates of known but varied sequence, an 
exact analysis of the role of neighbouring bases in the determin-
ation of error-proneness of the polymerase could be made. Schnaar 
et al • (1973) have already looked at the incorporation of 2-AP into 
newly synthesized DNA by different T4 polymerases. Again by using 
synthetic polynucleotide templates, one could see if differential 
Incorporation of base analogue occurred depending upon base sequence. 
Using such a system it should be possible to distinguish between 
differential incorporation of base analogue, from differential 
generation of errors in DNA replication caused by misreading of 
base analogue-substituted DNA as template. Such an approach need 
not of course be restricted to base analogue mutagens. 
If such studies could be ectended to in vitro work on the 
Influence of neighbouring bases on such parameters as the siting of 
premutational lesions, the specificity and fidelity of action of 
other enzymes involved in DNA metabolism and repair, we could have 
a full understanding of the forces involved in the generation of 
intragenic mutagen specificity. 
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At the start of the Introduction a brief summary of the evidence 
which illustrates the role of cellular processes in the generation 
of intergenic riiutagen specificities was made. Can anything be said 
about the relationship between inter- and intragenic specificities? 
It is rare enough to find reports of thtergenic forward mutagen 
specificities. As far as I know there is no case where, after the 
denonstration of such specificity, the work has been extended into 
an analysis of the napping spectra of the mutants within the appro-
priate loci. To date the beat example of such an analysis comes 
from the r system itself, though even here only the nt region can 
be finely mapped. It has been mentioned earlier and it has been 
shown in this work that in a collection of spontaneourr mutants 
the majority are rU's. in contrast, after treatment by 5-1YJ or 
NA the ri mutants are the mjority class. So here is a nice example 
of intergenic nutagen specificity. If however the two giant 
hotspotg in the fit spontaneous spectrum did not exist, the ratio 
of spontaneous rI's to rU's would be close to unity. This then 
demonstrates that hotrpots can be responsible at lean for enhancing 
differences in intergenic nutagen specificity. One feels that it 
is largely a matter of chance that the two giant hotapots, r131 and 
till are in different cistrons. If however they happened to be 
In the same cistron then the ratio of rItA to ntIS mutants would be 
different depending upon whether the r1 l's Were of spontaneous 
origin or were induced with Nk or 5-nt). In other words it may hot 
be impossible for the differential siting of hotepots within and 
betteen cistrons to be responsible for intergenic mutagen specif- 
icities. 
If the type of non-random spectra found in the r1l region are 
iDa. 
typical of all loci, it would be interesting to see if a change in 
forward I!utagen specificities by some ancillary treatment could be 
interpreted as being due to the effect of the treatment on the 
relative intensities of hotepotting within the relevant Joel. 
tastly, in the light of the current interest in the evolutionary 
aspects of mutation rates (as witnessed by the recent issue of a 
supplement broadly devoted to this topic:- "The Genetic Control of 
Mutation" Genetics 73, 1-205 (1973)) let us look at hotapots from 
this point of view. 
tbst of the thinking about the ways In which organisms determine 
their own mutations frequencies revolves around the fact that spon-
taneous mutation rates can be modified by genetic alteration of 
various enzymes. The fact that P4 DNA polymerase alleles and 
E.coli exrA(W) alleles whose only phenotypic manifestation is a 
decrease in mutation frequency can be isolated, suggests that the 
wild-type alleles at at least two Joel have boon selected during the 
course of evolution to be less accurate than they could be • It is 
not unreasonable to suppose that the wild-type alleles at other 
loci which have been shown to be implicated in the control of 
mutation rates have also been selected so as to maintain optimum 
mutation rates 
It takes two to tango and this role of cellular systems in the 
determination of mutation frequencies might be complemented by the 
role of local base sequences in the DNA in dictating the positions 
and the rates at which such cell-mediated imitations arise. After 
all if the two spontaneous nt hotspots, r131 and r117, were absent 
the spontaneous mutation at this region would tall by some 50%. 
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In fact it is very hard to imagine if and how any selective forces 
could act to maintain error-prone sequences in order to maintain 
optimum mutation rates. With regard to these two particular hot-
spots, the fact that the. mutants at both these sites comprise 
franoshifta argues against their being present in order to provide 
a source of new mutants upon which evolutionary selection can act 
since frameshifta cannot be considered to be the best raw material 
for solection, since such mutations cause a great distortion in 
amino acid sequence. 
We can ask the complementary question. If the hotspots 
contribute nothing to natural selection and if there is no apparent 
mechanism for maintaining highly mutable sites by selection, why 
has natural selection not got rid of them? 
If in fact the two giant hotapots do occur in runs as was 
suggested, the runs would code for a consectve sequence of one of 
the following amino acids:- pM (UIJU), pro (CrC), lye (AM) or 
ly (aGO). Now each of these amino acids has a choice of. bases 
in third position of their codong:- U,C,A or C for pro and gly, U 
or C for phe and A or C for lye. One might think simplistically 
that the postulated run could be broken up by the insertion of 
hetorologous bases in the third position of each triplet and by 
this means the site specific mutation frequency could be reduced. 
It is possible that other selective forces override the 
advantages gained by so punctuating the runs. P4 is an AT-rich 
organism and in 14 out of 15 codons unambiguously typed in the g 
gene, the last position in the triplet was filled by A or U although 
the choice of C or C was available for the third position of these 
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triplets. (Okada et al. 1970). 
In a comparative study of variant proteins thurnan haemoglobin 
and cytochrone c) no evidence of evolutionary hotapotting (i.e - 
certain sites of the protein which were peculiarly prone to mut-
ational change) could be found (Zuckerhandl et al. 1971; Vogel 1972) 
Fitch (197.3 amid b) found that the intracodon distribution of sunny 
different mutations in the same two proteins was highly non-random, 
the first position of the codon being the most susceptible to 
mutation. However, in this study also, no hotspots were detected. 
Whether all the hotapots are an inevitable consequence and are 
a cost which must be borne, duo to selective forces not primarily 
concerned with the determination of mutation rates, or whether their 
siting and intensities are parameters amenable to natural selection 
is a knotty problem and is perhaps best left to the theologians of 
evolutionary genetics. 
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